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Preface 


The expected increase in the population of Earth will require an adequate increase in 
plant production, probably not just in proportion to population growth, but even greater 
due to expected higher meat consumption worldwide and anticipated higher demand for 
bio-energy and raw materials. 


One key discipline to meet this target is agricultural mechanization. 


It increases agricultural productivity in a dramatic manner as demonstrated in all indus- 
trialized countries in which the output of one agricultural worker has been raised, for 
example, by a factor of 100 or more; in some cases, such as tillage with large tractors or 
harvesting with self-propelled machines, by factors of between about 1000 and 5000. 


Important additional benefits can be seen in constituting the precondition for developing 
a nation from poverty to prosperity due to a reduction in the number of agricultural 
workers and the transfer of the labour force to other sectors of the national economy. 


This aspect is an ongoing important strategic subject for the FAO, World Bank, 
Engineering Societies and other institutions such as the Club of Bologna. In fact, most 
countries of the world are behind the industrialized ones in terms of economic per- 
formance. People leave their home countries not only because of natural catastrophes or 
wars but also due to poor living conditions. Hence, local improvements are urgent. 


For this reason, this book addresses engineering fundamentals not only for the high 
technologies of industrialized countries, but also for less developed countries. 

Consequently, proved basic designs and classical publications are included within de- 
fined technology levels, a principle which was first presented by the author in the CIGR 
Handbook of Agricultural Engineering, Vol. II, published by ASAE in 1999. 

The roots of this new book at hand date to a Diploma Course held at RWTH Aachen 
University (1976-82) and since 1982 at the Technical University of Munich (TUM). 

Participation in international conferences, working on international tractor projects, and 
contributing to ISO standards supported the international view. As a co-founder and 
Board Member of the Club of Bologna, the author benefitted for some 30 years from the 
worldwide networking of this unique group of leading agricultural engineers. 

The book addresses not only students and practical tractor engineers but also colleagues 
of research, education, public tests, and engineering management. Facing the strong trend 
to global business it attempts to consider all ISO standards of agricultural tractors. 


I would like to thank all colleagues of our community who supported this project. 
My deepest gratitude goes to my wife Maria for her tireless support over the years. 


Finally, my sincere thanks are also addressed to Stacy A. Marinelli for her patient cor- 
rections of my English and also to the Springer team for all its support. 


Any suggestions for further improvement are welcomed. 


Munich, 2019 


Karl Theodor Renius 
TUM, Technical University of Munich, Germany 
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Foreword | 


Feeding the world is becoming an increasingly growing issue. The world is expected to 
carry up to 10 billion people by the year 2050. Thus, farm output has to double using 
more or less the same amount of farmland globally. 


Obviously, agricultural mechanization is a main pillar for feeding the world, now and 
probably even more so in the future. In addition, agricultural mechanization is typically 
needed as the first step of general mechanization of a nation for its advancement from 
poverty to welfare and prosperity. 


Global annual sales of tractors are estimated to be about 1.8 m units at 45 bn US$ 
(2017) sales volume. With that, tractors represent by far the largest segment in the agri- 
cultural machine industry and they play a central role in the mechanization of farming. 


We forecast that this will stay unchanged in the next decades ahead of us. 


However, the tractor in its current form will change. Interestingly, the verb “to tractor” 
does not exist, while the tractor performs all key jobs in the field, such as planting, 
plowing, mowing, and so on. The tractor will become more automated and autonomous, 
and at the same time tractor concepts will vary. 


The tractor is increasingly becoming part of a connected and digitalized production 
system that enables resource optimization and sustainable farming. 


But all these smart farming systems will only work if the base machine, the tractor, 1s 
innovative, reliable, and durable. That is what this book addresses: the fundamentals of 
good tractor engineering, as a foundation for all that will come. 


From a personal perspective, I received the first edition of the book TRAKTOREN as a 
Christmas gift from my brother in 1988, when I was a working university student at our 
Mannheim factory. I read it with enthusiasm, not knowing at the time that I would have 
the privilege to become a member of the tractor industry. Until today it has laid for me the 
foundation for my knowledge around tractors. 


I remember a conversation with Professor Renius in Berlin on August 21, 2013, about 
the need for an updated international “tractor book.” This vision has now become reality 
and the result at hand mirrors the expertise of an author who has been working on tractors 
and their components for more than 50 years 1n research, teaching, engineering, standards, 
patents, and worldwide consultation. 


I congratulate Professor Renius on this new English reference book for science, educa- 
tion, and industrial practice on tractor design fundamentals and I am sure that I can thank 
him on behalf of so many others in our industry for having put together a work that is 
fundamental for all who study the technology in and around tractors in more detail for the 
years to come. 


Mannheim, 2019 


Markwart von Pentz 


President Agricultural and Turf Division 
Deere & Co, Moline, Illinois, USA 


Foreword Il 


For more than 100 years, the tractor has been the key machine of agricultural mecha- 
nization. The launch of the “Fordson” tractor in 1917 — the first tractor with block chassis 
design and large scale production — boosted productivity and working comfort in the 
subsequent years. In the following decades, the tractor developed into a multi-purpose and 
mobile energy source with standardized interfaces to connect to a tremendous variety of 
agricultural implements. In the future, digitization will further advance automated and 
autonomous processes. Through connectivity, the tractor becomes an integrated part of 
the agricultural production system and “Precision Farming”’. 


The challenges in the future are not only in the economic and technological area. 
Especially environmental and social aspects have to be considered as well, on the one 
hand to produce sufficient food and renewable raw materials and on the other hand to 
ensure sustainable farming. 


In this book, you will find the fundamentals of tractor technology, which have not really 
changed, but been enhanced over the years in a multitude of ways. An end to this trend is 
not in sight. Primarily the technology and layout of transaxles and hydraulics, combined 
with fatigue strength are covered in deep detail. Besides the engine, the understanding of 
these technologies is mandatory for an optimal tractor design. The content deals with the 
global requirement from base tractors with Low Tech up to High Tech versions. 


The author of this book has played a major role in my career. He hired me to work at his 
Institute of Agricultural Machinery at the Technical University of Munich; he taught me 
tractor technology and inspired my enthusiasm for tractors. During this time, I had the 
privilege of working on the first edition of his German book TRAKTOREN. From this 
experience I know very well what it means to do a project like this. The first book has 
been with me throughout my time in the industry. After nearly 30 years in the tractor 
industry and nearly 20 years of responsibility for tractor engineering, I wholeheartedly 
supported an updated English tractor book on fundamentals with inputs and material from 
the industry. 


This new English edition of tractor design will be invaluably useful for agricultural 
engineering, but in particular for the whole tractor community. With this book, knowledge 
and many years of experience on tractor technology will be maintained for present and 
future generations. It will be a set book for everyone dealing with tractors in one way or 
another. There is nothing better. 


I congratulate Prof. Renius on this new international book and I am very thankful he 
made the effort to write it. 


I wish him and his book all the best and great success. 


Marktoberdorf, 2019 


Heribert Reiter 


VP Engineering Tractors Global, AGCO Corp., Duluth, Georgia, USA 
Managing Director R&D, AGCO GmbH (Fendt) 
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1. Mission, history, trends, markets, and costs 


1.1 Global mission of agricul- 
tural mechanization 


The prosperity of a nation needs mecha- 
nization in general [1.1]. However, a first 
step should address agriculture [1.2]: 


1. The classic role: Mechanization of plant 
and animal production, storage, and 
processing in order to feed the contin- 
uously growing world population. 


2. The environmental role: Mechanization 
of raw material and energy production 
and landscape maintenance in order to 
safeguard the planet. 


3. The strategic role: Mechanization to in- 
crease labour productivity in agriculture 
in order to develop the prosperity of 
complete national economies. 


The classic role. Mechanization supports 
the following two classic productivity fac- 
tors of rural agriculture: 

Land productivity and labour productivity. 


Mechanization supports land productivity 
as an important factor among all others: 


- Breeding - Plant protection 
- Fertilizing - Post-harvesting 
- Irrigation - Mechanization 


Mechanization benefits are, for example, 
improved yields, higher quality levels, re- 
duced input materials, reduced human 
work loads, and reduced yield losses. The 
old methods of harvesting grain often have 
losses of 20 or even 30 % while the losses 
of a modern combine are only 1-2 %. 


Influence on labour productivity is con- 
siderably higher — mechanization is even 
by far the dominating factor. A large trac- 
tor can plow more than 1,000 hand workers 
can within the same period of time. 


The truly dramatic savings in labour cost 
from mechanization result in low world mar- 
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ket prices and very high food quality. 
People in countries with highly mechan- 
ized agriculture spend only about 15 % of 
their income on food and beverages. 


The environmental role requires adjus- 
ted machinery — in some cases completely 
new concepts and systems as well — but, in 
any case, tractors. 


The strategic role of agricultural mecha- 
nization addresses the whole economy, as 
it can usually reduce the number of people 
working in agriculture. This leads to a 
transfer of manpower to other areas of the 
national economy, creating additional ad- 
ded value, as demonstrated for the US 
economy by Fig. 1.1. Under 2 % of people 
working in agriculture now (2019) produce 
even much more than ever before. 

Remark: The bandwidth of the industrial 


sector can be broader in countries with 
high export volumes such as Germany. 


Tertiary Sector: ° 
Service 


Secondary 
Sector: 
Industry 


Primary Sector: 
Agriculture 


Working people 
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Fig. 1.1: Economic development of the United 
States by sectors [1.2]. Data from Fourastié [1.1] 


Agricultural mechanization is usually the 
first technology step to overcome poverty, 
low life expectancy, high illiteracy, high 
infant mortality, a low level of infrastruc- 
ture, a low level of social welfare, etc. 


Regarding all machinery being in use, the 
tractor 1s by far the most important piece. 


1.2 Mission and use of the 
agricultural tractor 


The definition of the tractor is, for 
example, settled by ISO 12934: 


The agricultural tractor is a self pro- 
pelled agricultural vehicle having at 
least two axles and wheels or endless 
tracks, particularly designed to pull 
agricultural trailers and pull, push, 
carry and operate implements used for 
agricultural work (including forestry 
work) which may be provided with a 
detachable loading platform. 


One-axle tractors (also “walking tractors’’) 
[1.3, 1.4] are often a first step of mechani- 
zation; however, excluded from this book. 


General importance of the tractor. The 
agricultural tractor is usually the most im- 
portant piece of agricultural mechaniza- 
tion. During its first introduction in a coun- 
try, sales volume among all agricultural 
machinery is typically 50 % or even more. 
“Even more” when tractors are not only 
used for agricultural production, e. g. also 
for non-agricultural transportation. 


When the level of mechanization be- 
comes higher and higher, the introduction 
of self propelled machinery (often begin- 
ning with combines) can lead to a reduc- 
tion of the tractor sales in relation to the to- 
tal sales value — for example to about 35 %. 
At the same time, non-agricultural trans- 
portation can become less important. 


Fig. 1.2: Tractor use in Western Europe: 


Plowing is still important. Drawing: Author 
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Role of one-axle tractors. Standard trac- 
tors with two axles are relatively expensive 
for a first step of mechanization. One-axle 
tractors with rated engine power between 2 
and 12 kW are often sufficient, mainly for 
small farms. This was — for example — the 
first step in many Asian countries such as 
Japan, Thailand, or China. Individual de- 
sign 1s classified by power levels and ap- 
plication for dry land (upland) or paddy 
fields (mainly addressing rice production). 


The production and use of one-axle trac- 
tors is still very important in China, but the 
general trend is to reduce the production in 
favour of two-axle tractors. 


Typical tractor operations. There are 
many types of operations worldwide from 
country to country with significant diffe- 
rences of importance. As a general rule, the 
following groups can be defined: 


1. Tillage 6. Weeding 

2. Sowing 7. Harvesting 

3. Fertilizing 8. Front end loading 
4. Plant protection 9. Transportation 

5. Irrigation (PTO) 10. Miscellaneous 


Plowing is still a common operation in 
Western Europe, Fig. 1.2, usually with the 
largest tractor on the farm, while plowing 
in dry climates (also in North America) has 
become seldom. 


The PTO (power take-off) is used for 
many types of operations (excluding trans- 
portation and front end loading): In 
Europe, the PTO is used for 30-40 % of the 
total working time, in Asia often more. 


The total time of on-the-road driving 
(also with implements) takes about 1/3 of 
the total operating time in Europe. In de- 
veloping countries mostly even more. 


Typical power densities (kW/ha) for in- 
tensive farming are recommended in [1.5]: 
- For small farms < 31 ha: ..... > 3.2kW/ha 
- For farms 31—195 ha:...... 3,2—-1.6kW/ha 
- For large farms >195 ha: ..... < 1.6 kW/ha 
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Fig. 1.3: Mobile steam engine of BORSG, 1920. Plowing by cable, mostly with two mobile 
units. Nominal power 81 kW at 15 bar and 320 °C steam [1.16], weight about 15 t. First units 
around 1860 by John Fowler (1826-64), UK, supported by Max Eyth, Germany (1836 —1906) 


Mobile steam engines, Fig. 1.3, can 
be regarded as the forerunners of 
steam traction engines as introduced 
by J. I. Case in 1878 and steered by 
horses; self propelled in 1884. They 
were produced by Case until 1924. 


In 1876, N.A. Otto’s 4-cycle Internal 
Combustion (IC) engine reduced weights 
and costs [1.6—1.8], Table 1.1. 

A very early gasoline tractor for 
which a practical agricultural applica- 


tion (in 1892) is documented is a Fig. 1.4: Hart-Parr type 30-60 (60 hp) 1907-18. 
prototype from John Froelich, USA, First production of Hart-Parr tractors: 1904 [1.8] 
[1.9-1.11]. 


Hart-Parr created in 1902 one of the 


first tractors replacing steam power by Aeichn. A 66572. 


an IC engine [1.8], production from = 
1904, Fig. 1.4. Daniel Albone presen- ie on 
ted his “Ivel Agricultural Motor’, a fo Kee 
three-wheeler, in 1902 in England a a oe 
[1.12]. A further early tractor was the __ AS. aoe Wi WIPO. \ 
German 25 hp Deutz tractor, Fig. 1.5. mis, : exeuai) 
(SOSA, ) 
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Fig. 1.5 (right): Deutz tractor from 1907, SBP Eee Sees ee 
prototypes. Courtesy Deutz / 1940 
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Fig. 1.6: Stock motor plow “Stokraft” 1911, 40 hp, 4-cylinder engine, weight 3,000 kg, 2,400 kg 
axle load. Wheel diameter 1.5m [1.16]. Drive of stationary threshing machines by pulley 


An intermediate era of motor 
plows was typical for Europe 
from 1910 to about 1925, Fig. 1.6. 


An early important standard 
sh | yy _ tractor was the “Waterloo Boy” 
. aT a rey te MS ) (USA), Fig. 1.7. Production star- 
—— = -§ oe ted in 1914 with models “L” and 
“LA”, followed by series “R” 
(1915-19) and “N” (1917-24). 
The “Waterloo Gasoline Trac- 
tor Company” was purchased by 
John Deere in 1918 [1.9-1.11]. 


Fig. 1.7: The “Waterloo Boy”, Series N, 25 belt hp at The ok — dominated by 
750 rpm, 2-cyl. engine, two forward speeds. See also Henry Ford's Fordson F, Fig. 1.8. 
Nebraska test No. 1 (1920). Courtesy John Deere 747,500 were produced [1.13]. 
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Oil level for engine and master 
clutch (higher for transmission) 


Fig. 1.8: Fordson F (1917-28), first tractor mass-produced on assembly line. 20 hp at 1,300 rpm, 
kerosene. Net weight about 1,300 kg; had a pulley, but no rear PTO [1.13]. Several sources 
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Fig. 1.9: Fordson F on the Renius farm “Albertshof” 
near Oranienburg, about 1926. Photo W. Renius 


A frameless chassis with a closed transmission 
had been introduced already in 1914 by the 
“Wallis Cub” tractor [1.14]. However, the block 
design was perfectly realized with the Fordson F; 
the low price was achieved by the high maturity of 
the design and the first tractor assembly line. 


The Fordson F was proved by Nebraska Tests 
Nos. 18 (1920) and 124 (1926). The father of the 
author bought one, Fig. 1.9. 


Competition arose in Germany from the LANZ 
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Fig. 1.10: 12hp LANZ Bulldog 1921. 2-cycle 
“heavy oil hot bulb engine”, 1 speed [1.15] 


Bulldog. The first design was extre- 
mely simple, Fig. 1.10; but achieved 
popularity for driving threshing ma- 
chines. Later on, a considerably im- 
proved design was mass-produced 
(see the following page). 


In 1923, the “McCormick Deering 
10-20” from International Harvester, 
USA, opened a new era of remark- 
able tractor designs, Fig. 1.11. 


3020 | 


Fig. 1.11: IH “McCormick-Deering 10-20” (1923), 20 PTO hp, 3 speeds, pulley and PTO (not 
visible). First Nebraska Test was No. 95, 1923. Courtesy International Harvester 1930 [1.16] 
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Fig. 1.12: “Kuhlerbulldog” HR5 of LANZ Company 1929, improved cooling system. 30hp at 500 

rom. Weight 2,560 kg [1.16]. A total of 219,253 bulldogs were produced between 1921 and 1960. 
John Deere purchased the LANZ AG majority in 1956, changed the name to “John Deere Lanz AG” 
and in 1967 to “John Deere Werke Mannheim” [1.9, 1.10], still a large plant (2019). 


Fig. 1.13: First 4-cycle diesel engine in a vehic- 
le: Tractor Benz-Sendling S6 (Prototypes 1922), 
27hp MWM engine, one driving wheel [1.18] 
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Fig. 1.14: John Deere model D 15-27, 27hp, 
(kerosene) 1923 [1.9]. Courtesy John Deere 


After six LANZ HRI prototypes, series 
production of the HR2 Bulldog standard 
tractor started in 1926 on the first Euro- 
pean tractor assembly line. LANZ chief 
engineer Fritz Huber (1881-1942): “A 
tractor engine cannot be one- cylindrical 
enough.” Fig. 1.12 shows the improved 
“Kuhlerbulldog” of 1929 [1.15-1.17]. 


The first vehicle with a 4-cycle diesel 
engine was the Benz Sendling S6 in 
1922, Fig. 1.13 [1.18, 1.19]. Series pro- 
duction from 1923 resulted in 100 units. 
Engine from MWM, (Prosper I’Orange, 
1876-1939). Deutz produced its first 
diesel tractor MTH 222 (2 cylinder, 14 
hp) in 1927. 


John Deere introduced its very famous 
model “D” in 1923, Fig. 1.14 [1.9], the 
basis for its rapidly increasing tractor 
business. The tradition of horizontal 2- 
cylinder engines (since the Waterloo 
Boy) was continued for about 30 more 
years. For details see Nebraska Test 102, 
carried out in 1924. 
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An outstanding person in tractor history 
was Harry Ferguson (1884-1960) [1.20]. 
He invented the three-point implement 
connection, British patents Nos. 160,248, 
186,172, 195,421, 226,033, and 253,566. 

He recognized that a low tractor mass 
means a lower price, but is not satisfying in 
the case of heavy pulling such as plowing. 


His patent No. 253,566 from 1925 can be 
regarded as the “Ferguson master patent” — 
the original text from page 3 [1.21] is: 


It is an object of the present invention to 
make it possible to reduce the weight of the 
tractors for agricultural work. A further 
object of the invention is to avoid or at 
least to reduce considerably the drag cau- 
sed by the sinking of the implement into 
soft ground and to maintain the implement 
at a regular working depth in the ground. 


The main progress was to control the 
working depth of implements by a closed 
loop control and at the same time to trans- 
fer vertical implement forces (weight and 
soil forces) to the tractor rear axle. 


In his patent, he claimed three types of 
actuator power: mechanical, electrical, and 
hydraulic. The hydraulic version was first 
realized in series production in 1936 with 
David Brown, Fig. 1.15. 


Henry Ford adapted the Ferguson Sys- 
tem to his tractor “9N” (1939-47) by li- 
cense through the famous “handshake agree- 
ment” of 1938. This became a real break- 
through with about 300,000 units sold. 


The “power take-off shaft’ (PTO) had 
been introduced by [HC (USA) in 1918, 
gaining importance with the “Farmall” 
[1.23], also initiating the soon-to-be popu- 
lar class of US row crop tractors, Fig. 1.16. 

Allis-Chalmers (AC) was the first com- 


pany to replace steel wheels by air inflated 
rubber tires from 1932, Fig. 1.17 [1.8]. 


The Allis-Chalmers tractor “WC” was the 
first one tested in Nebraska (No. 223, 1934) 
with both, iron wheels and rubber tires. 


Fig. 1.15: The Ferguson-David Brown “Black 
Tractor”. Prototype 1933, production 1936-39, 
20hp. It used the “Ferguson System” for the 
first time [1.8, 1.22], 1,250 were produced 


Fig. 1.16: McCormick-Deering “Farmall”, 1924, 
20hp, early PTO, new row crop concept. 
Nebraska Test 117 (1925). Courtesy CNH 


Fig. 1.17: Allis-Chalmers model U with air in- 
flated rubber tires and a 3-bottom plow [1.8]. 

First experiments had been carried out with 
Firestone aircraft tires and reduced pressures 


While only 14 % of all new tractors were 
fitted with pneumatic tires in the US in 
1935 (at high extra costs !), the percentage 
was 95 % in 1940 — similarly in Germany, 
supported by Prof. Helmut Meyer. 
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Fig. 1.18: John Deere model “BN”, version with 
pneumatic tires, 1935 [1.9]. Courtesy John Deere 


Fig. 1.19: Ferguson TE 20, 24hp at 1,500 rpm 
with the US Continental Z-120 engine. 4 speeds 
forward. Production in Coventry, UK. 315 units 
in the first year 1946. Courtesy AGCO 
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The early John Deere model shown in 
Fig. 1.18 is an example of US tricycle row 
crop tractors with their typical “overhead” 
steering which became very popular in the 
1930s. 


In the meantime Harry Ferguson deve- 
loped his own tractor TE 20, Fig. 1.19. It 
was similar to the abovementioned Ford 
ON, also applying the 3-point hitch and 
draft control, but its location of production 
changed to the UK (engine from US) [1.22]. 


This tractor initiated the worldwide intro- 
duction of the automatic draft control. 


A typical German trend of agricultural 
mechanization from about 1935 to about 
1955 was the introduction of low hp 
tractors in order to achieve a general fast 
replacement of horses. A popular example 
was the 11 hp Deutz, Fig. 1.20 (1936). 


Deutz (Kl6ckner-Humboldt-Deutz AG) be- 
came a leading tractor manufacturer in 
Europe after World War II, introducing air- 
cooled diesel engines for all its tractors 
from 1950, becoming the largest supplier of 
this concept worldwide for several decades. 


However, the very first tractor available 
in series production with an air-cooled 
diesel engine was from the private German 
company Eicher in 1948, Fig. 1.21, with 
one cooling air blower for each cylinder. 


Remark: Ref. [1.23]-[1.28] are cited in table 1.1. 


Fig. 1.20: German tractor Deutz F1M414, 1936, 
1-cyl.-diesel engine, 11hp, 3 speeds, mid and 
rear PTO. Courtesy Deutz 


Fig. 1.21: First tractor produced in series with an 
air-cooled diesel engine: Eicher 16 hp, 1948 
[1.16]. Source: Advertisements 
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Fig. 1.22: John Deere 4020, 1963. 6-cyl. diesel engine, max. PTO power 91.2 hp at 2,200 rom 
(Nebraska Test 849, 1963). Wheel base 2.48 m, rear tires 18.4-34, net weight with operator 
8,945 lb, 8/4-speed full power shift (see below), constant pressure closed-center hydraulics with 
variable displacement pump, power steering, wet power brakes Courtesy John Deere 


In 1960, John Deere presented under pressure hydraulics. From 1963, the 10 se- 
William Hewitt (1914-98) the tractor line ries was updated and the 4020 became one 
1010/2010/3010/4010 (36-84 PTO hp), end- = of the most popular US tractors ever built, 
ing the “only two-cylinder” era. Almost Fig. 1.22: It contained the “Power Shift” 
everything was new [1.10], also the constant transmission as a popular version, Fig. 1.23. 
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Fig. 1.23: “Power Shift” of John Deere 4020; eight well soaced speeds forward (about 2.8—29 km/h), 
and four reverse (about 3.3—9.3 km/h), both at 2,200 rpm rated engine speed. Excellent handling. 


10 


1.3.2 Tractors with all-wheel drive 
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Fig. 1.24: “Deutzer Automobilpflug” 1907, 40 hp, auxiliary cable for lifting the mounted plows 


and as “traction aid”. Patents of Brey and Heyer. Several prototypes. 


All-wheel drives (3WD, 4WD) were, for 
a long time, rather an exception [1.29]. The 
probably first 4WD drive of an agricultural 
tractor was realized by the Deutz “auto- 
mobile plow” from 1907, Fig. 1.24. 
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Fig. 1.25: “Dain” tractor, three driven wheels, 
1915. 4-cylinder engine, 24 belt hp. 100 units 
by 1919. Courtesy John Deere 


Fig. 1.26: LANZ Bulldog “HP”, 4WD articulated, 
15hp, 1 speed, 723 units 1923-1926 [1.16] 


Courtesy Deutz 


Further 4WD milestones until 1950: 


- 1912 “Nelson” tractor, 3 models, USA 

- 1912 “Olmstead” tractor, USA 

- 1915 “Dain” tractor, USA 

- 1922 “Rogers” tractor, USA, articulated 

- 1923 LANZ 4WD, articulated 

- 1929 E 15/25 of Four-Wheel-Tractor Co., 
(Nebraska Test 165/1929) 

- 1930 Massey Harris “General Purpose” 
(Nebraska Test 177/1930) 

- 1949 UNIMOG 

- 1949 MAN standard tractor 

- 1950 SAME with front drive announced 


The variety of designs was very high. In 
1915, Joseph Dain Sr., in co-operation with 
John Deere, presented a tractor with three 
driven wheels, Fig. 1.25. Its field perfor- 
mance was evaluated to be very good: 


“Tt pulled a 3-furrow plow with 14” bot- 
toms, working 6” deep at 2 mph” [1.9]. 
But the cost target was not met and a se- 


ries of only 100 units was completed in 
1919 by John Deere [1.9, 1.10]. 


The 4WD “Rogers Tractor” (65 hp, very 
early power steering) is said to be the 
origin of the large US articulated 4WD trac- 
tors (Nebraska Test No. 84, 1922). How- 
ever, the LANZ Bulldog of Fig. 1.26 was 
said (by John Deere) to be the first articu- 
lated 4WD tractor being produced in series. 
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AWD tractors with Ackermann steering 
offer the advantage of simple steering 
with lower forces than for articulated 
AWD. 

An early example was the model E 15/25 
of the Four Drive Tractor Co., Fig. 1.27, 
USA, with four equal iron wheels. 


More important was the Massey Harris 
“General Purpose” tractor with 4WD and 
Ackermann steering, Fig. 1.28. Its out- 
standing high axle clearance offered Fig. 1.27: 4WD Model E 15/25 of the Four Drive 


special benefits for row crops. Tractor Co., USA. Ackermann steering [1.30], 
The small German company Boehringer SEND aUngprigalte te leet NG: ae See 


developed the UNIMOG, Fig. 1.29. 


This 4WD tractor became a legend al- 
though the beginning series production 
was not easy for the company and many 
farmers did not recognize its benefits for 
both field work and road transportation. 
The complete business was taken over by 
Daimler-Benz on Oct. 27, 1950. 

See some more about this story on the 
following page. 


Another progressive 4WD design was 
the MAN 25 hp tractor, Fig. 1.30, demon- 
strating the benefits of an additional front 
axle drive for standard tractors and those Fig. 1.28: Massey Harris “General Purpose” 
of the fuel-saving direct injection. 4WD tractor 1930-38. Ackermann steering, net 
weight about 1,800 kg. Nom. power 22 belt hp. 
Nebraska Test No. 177 in 1930. The company 
has sold at least 8,000 units. Courtesy MF 


Fig. 1.29: UNIMOG structure. 25 hp, 50 km/h, 
fully suspended. Production from 1949 by 
Boehringer, from 1951 by Daimler-Benz in 
Gaggenau. Source: Patent drawing [1.18] 


Fig. 1.30 (right): MAN tractor with additional 
front drive and direct injection diesel engine, 
25hp, 1949. Source: Public advertisement 
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Fig. 1.31: First UNIMOG 1950 in a typical field 
operation. 25 hp. Advantages due to the low 
weight (only 1,680 kg) and the four-wheel drive 
which also enabled tillage, even plowing better 
than expected. Courtesy Daimler AG 


The UNIMOG was initially designed for 
an application only in agriculture, Fig. 1.31. 
Its performance for deep plowing was in- 
itially questioned, but finally much better 
than expected which can be explained by 
modern terramechanics (chapter 3.7). The 
UNIMOG became soon a universal vehicle 
also outside agriculture, Fig. 1.32. 

In 1973, Deutz started with its INTRAC 


an interesting new front-cab tractor design 
(promoted by A. Gego) with integrated front 


Fig. 1.32: UNIMOG, typical design of 1982. 
The high top speeds (initially 50 km/h, later 
more), the full suspension, and the large varie- 
ty of functions opened other markets including 
military equipment. Courtesy Daimler AG 


hitch and front PTO. At the same time, 
Daimler-Benz introduced with the MB-trac 
a similar concept which was now more 
suitable for agriculture than the UNIMOG, 
for example due to larger wheels. 


Continuously growing tractors approached 
the limits of traction and soil compaction. 
One solution are rubber tracks, first used 
by the Caterpillar Challenger 1987. Case 
IH came with its “Quadtrac” in 1997 with 
articulated steering, Fig. 1.33. 


Fig. 1.33: Case IH “Quadtrac”, introduced in 1997 with about 265 kW rated engine power. This 
picture shows the later top model 620 as of 2013: 447 kW rated engine power (ECE R 120), net 


weight 22t, diesel fuel tank 1,8201 plus AdBlue tank 2501. 


Courtesy Case IH 
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Table 1.1: Milestones of tractor history 

1876 4-cycle “Otto” engine, basic concept by 
Nikolaus August Otto (1832-91), Germany [1.6] 
1878 Steam traction engine, Case, USA [1.23] 
1889 Very first gasoline tractors, USA [1.23] 
1890 Steam crawler tractor (B. Holt), USA [1.23] 


1892 Rudolf Diesel (1858-1913) registers his 
German patent No. 67 207, accepted 1893 


1892 Froelich gasoline tractor, USA. Field op- 
eration of one prototype reported [1.10, 1.23] 


1902 Hart-Parr gasoline tractor, USA [1.8, 1.23] 
1902 “Ivel” tractor (prototype), UK (Dan Albone) 


1904 Crawler gasoline tractor (prototype) by 
Benjamin Holt, founder of Caterpillar [1.24] 


1907 ASAE founded (SAE in 1905) — both USA 
1908 Self propelled plow, Stock, Germany [1.16] 
1914 “Waterloo Boy”, USA (1918 J. Deere) [1.10] 


1917-28 “Fordson F”, block chassis, first tractor 
assembly line. About 735,000 units [1.13] 


1918 First PTO by IH “8-16” (50 units) [1.23] 
1920 Nebraska Test No. 1: Deere Waterloo Boy 


1921 “LANZ-Bulldog,” Germany (1 cyl., 2-cycle hot 


bulb engine 12 hp, 1 forw. speed (Fritz Huber) 


1922 First diesel engine in a tractor (3 proto- 
types), Benz-Sendling, Germany. Series 1923 


1922 “Rogers Tractor’, articulated, hydraulic 
power steering (Nebraska Test 84/1922) 


1924 McCormick-Deering “Farmall” (IH) [1.23] 


1925 3-point hitch and draft control. Brit. patent 
No. 253566 by Harry Ferguson, UK (1884-1960) 


1927 First PTO standard issued by ASAE, USA 


1933 Low pressure pneumatic tires at Allis-Chal- 
mers USA) [1.8]. Nebraska Test 223 (1934) 


1945 Life PTO. Cockshutt/Can., Model 30 tractor 


1948 Air-cooled diesel engines by Eicher, Ger- 


many (from 1950 all Deutz tractors air-cooled) 


1949 MAN 4WD tractor with direct injection die- 
sel engine (Germany), other companies follow 


1949 Daimler-Benz UNIMOG (25 hp, 50 km/h, 


4WD, spring suspension, platform) [1.18] 

1950 Fluid coupling, Voith/Allgaier-Porsche AP 17 
1954 “Torque Amplifier’, IH, USA (first Hi-Lo) 
1954 Power steering by John Deere, USA [1.9] 
1956 John Deere has majority of LANZ. 


1958 Ford “Select-O-Speed”: first full power 
shift transmission (10 forw./2 rev), USA/UK 


1959 Pendulum test for new tractors, Sweden 


1960 Kubota produces the first small Japa- 
nese two axle-tractor (Shibaura starts in 1961) 
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1960 Constant pressure hydraulics with varia- 
ble displacement pump, J. Deere 3010&4010 
1961 First tractors produced in India [1.25] 


1963 J. Deere becomes No. 1 in the US tractor 
market due to the 4020 (“Power Shift” 8/4) 


1965 “Central shaft” for front drives, SAME Italy 


1966 First commercial hydrostatic tractor trans- 
mission: EICHER-Dowty, Germany-UK. 71 units 


1967 IH 656, first mass produced tractor with 
hydrostatic transmission (USA), 6620 units 
1970 Radial ply tyres for tractors by Kleber 
1972 First quiet cab in Nebraska-Test No. 1110, 
J. Deere 4430, max. 82,5 dB(A) at driver’s ear 
1973 Deutz “INTRAC” and DB “MB-trac” in se- 
ries, basic impulses for standard tractors 


1973 Load-sensing hydraulics, Allis-Chalmers, 
USA, saves energy. No general breakthrough 


1978 Electronic 3-point hitch control, Bosch 


1980 40 km/h top speed for standard tractors, 
Fendt and Schliter, Germany 


1982 Compact driven 50 deg. front axles from 
ZF/J. Deere [1.26] and Deutz / Sige, Germany 
1986 Kubota “Double Speed Turn”, Japan 

1987 Breakthrough of load-sensing hydrau- 
lics, initiated by Case-lH “Magnum,” USA 

1987 First soft cab suspension, Renault, France 
1987 Caterpillar Challenger, rubber tracks, USA 


1988 DIN 9684-1: German draft standard for 
tractor-implement communication [1.27] 


1988 “Munich Research Tractor”, 34 frame, CVT 
1990 Bosch-Fendt 3-point hitch vibration damping 
1992 J. Deere %4 frame tractors 6000 and 7000 


1993 50 km/h for standard tractors presented, 
hydro front axle suspension, Fendt, Germany 


1996 First hydrostatic power split CVT for stan- 
dard tractors in series, Fendt “Vario 926” 


1997 Case IH “Quadrac’” with 4 rubber tracks 

1997 Valtra “Sigma Power” engine boost [1.28] 
1997 Beeline (Australia): First automatic steering 
1999 GEO TEC (Germany): First auto navigation 
2006 Fendt 936 (AGCO) with 60 km/h top speed 


2008 John Deere 7430 and 7530 tractors with 
high voltage on-board net and el. remote power 


2013 Factory-installed integrated tire inflation 
control system, Fendt (AGCO) 800 & 900 
2015 Infinitely variable 4WD, Fendt 1000 line. 


2019 Electrical power split CVT eAutoPowr of 
John Deere, announced at AGRITECHNICA 
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1.4 Recent technical trends 
and tractor concepts 


Since about 1950, a remarkable technical 
tractor development has been typical for 
the industrialized countries. 


In some areas such as Europe and Japan, 
additional front-wheel drive for standard 
tractors changed from an option to standard 
equipment [1.26, 1.29, 1.30], Fig. 1.34. 


7 88 Year 90 


Fig. 1.34: Market shares for new tractors with 
both axles driven. Source: [1.30], modified 
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Fig. 1.35: Popular “average” tractor concepts in 
Western Europe 1958 (15 kW, above) and 1983 
(55 kW, below). Same scale for both [1.31] 
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The same happened with closed quiet cabs 
containing integrated roll-over protective 
structures (ROPS), Fig. 1.35. 


During the 1990s manufacturing systems 
basically changed from mass production 
volumes of large fixed lots to individual 
tractors being produced in a mix, each to 
customer-demanded specifications. This 
occurred along with a dramatic increase in 
functions and power levels. 


Unusually high engineering efforts had 
to be undertaken in the developed coun- 
tries since 2000 to reduce emissions to a 
passenger car level (EU & US regulations). 


The most recent trends are characterized 
by the increasing role of information tech- 
nologies (ISOBUS), improved powertrain 
concepts (power shifts, CVTs), better hy- 
draulics (load sensing, proportional valves) 
and drive-by-wire systems. 


Definitions relevant for EU homologa- 
tions are listed in Table 1.2. 


Table 1.2: EU Tractor categories 


T1 Stand. tractors<40 km/h, track=1150 mm 
T2 Narrow track tractors = 40 km/h, 
track width<1150mm 
T3 Compact utility tractors = 40 km/h, 
unloaded mass = 600 kg 


T4 Special purpose tractors 
14.1 High clearance tractors 
14.2 Extra-wide tractors 
T4.3 Low-clearance tractors 


T5 Tractors > 40 km/h top speed 


A simplified “family tree” is shown in 
Table 1.3. The track laying principle was 
not important in the past decades but may 
gain some more attention in the future be- 
cause of upcoming limits of tire dimen- 
sions for large tractors (chapter 3). 

The two-axle standard tractor with 
about 50-200 engine kW (70-270 hp) do- 
minates within the group of upper tech- 
nology levels, Fig. 1.36. 
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Table 1.3: Modern tractor concepts. 
See also definitions in ISO 12934 


Wheel tractor 


Compact tractor and 


<4 Narrow track 
very small tractor, © 


tractor, 2WD 


Agricultural tractor 


Half-track tractor, 
conventional 


LS about 20-56 kW. and 4WD steering 
© 2WD and 4WD, 
with and without cab or Tool carrier 
' © 2WD Very large articulated trac- 
Small utility tractor, ©) and 4WD tor with four tracks, steer- 
© about 56-80 kW. ing similar to wheel version 
(O) 2W0 and WO, FL Front-cab 
mostly with ca tractor, 
© © only 4WD 
ee a Universal tractor, 
about 80-200 kW. 
@ © 4WD, cab, very high O4B a 
number of functions only 4WD Full track tractor, complex 


final drive steer- 
ing system 


7) 
— 
ro 
) 
ia 
© 


Very large tractor, 
about 200-350 kW. 
4WD, cab with 

very high comfort 


Articulated 
roe tractor, 
(OHIO) only 


4WD 


Noise-isolated pressurized closed cab with integrated safety structure, air filter, and air conditioning 
Working lights —{T a | 
Exhaust pipe —‘ 


Dispiey Joystick 


Hydraulic remote 
| Multi-function 


control coupler and 
ISO 11783 BUS socket 


Exhaust gas aftertreatment 


Noise 
barrier 


Combustion air 
intake and filter 


Cooler Rear hitch 
group . 
=< Upper link 
ae hh < ae 
Front PTO 5 : in 
8 3-point HS x 
front hitch tl ‘o) ft front frame ‘ Rear PTO 
(often me ne SW 3-4 speeds 
a ey g 
front axle, Zlower 5 
links =O 


wet brakes 


Fig. 1.36: Typical modern standard tractor, dimensions for about 110kKW max. PTO power. Typical 
options: Suspended front axle, soft suspended cab, front hitch, front PTO, ISOBUS, automatic guid- 
ing. Net weight (with front hitch and front PTO) about 6,500kg, maximum weight about 11,000kg 
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At the same time, the power range over 
80 kW (110 hp) represents the most up- 
dated technologies. 


Three popular tractor families as deve- 
loped in Europe are presented in cutaway 
graphics. 

Fig. 1.37 shows the John Deere 6R line- 
up, which belongs to the 6000 family, first 
introduced in 1992 in Mannheim (with a %4 
steel frame) and becoming one of the most 
successful tractor families ever built. 


Fig. 1.38 presents the also popular New 
Holland T7 family of CNH Industrial with 
a widely common inner structure for NH, 
Case IH, and Steyr. A certain standardiza- 
tion of the powertrain for different brands 
can reduce investment costs for develop- 
ment and tooling; however, is not easy to 
handle for the sales management. 
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Fig. 1.39 shows the Fendt 700 Vario 
family of AGCO, which is very popular in 
Europe, mainly in Germany and France. 
The “Vario” technology of a continuously 
variable power split transmission (CVT) 
was developed by Fendt, introduced in 
series in 1996 and has initiated a new era 
of automatic CVT transmissions for trac- 
tors — now even with an impact on con- 
struction machinery. 


Smaller tractors offer usually moderate 
technology levels with an exception: In 
Japan, a high technology level is achieved 
also for lower power levels according to 
the special structure of Japanese agricul- 
ture with predominantly small farm sizes. 
These tractors are also exported to many 
highly developed countries. 


Fig.1.37: John Deere 6R lineup, 4- and 6-cylinder turbo charged diesel engines 4.5 and 6.8], 
four transmission options (here with an 8-speed dual clutch partial power shift). Rated eng. 


power 77-184 kW @ 2,100/min (97/68 EG, without boost) 


Courtesy John Deere 2017 
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Fig. 1.38: New Holland T7 lineup with 6-cylinder 6.73 | turbo charged diesel engines. Full power 
shift 19/6 or CVT, rated eng. power 92-221 kW @ 2,200/min (ECER120). Courtesy NH 2017 


Fig. 1.39: Fendt Vario 700 lineup with 6-cylinder 6.06 | turbo charged diesel engines. CVT “Vario” 
with two synchronized ranges (28 and 50 km/h) and reversing by the hydrostatic Vario system. 
Rated engine power 106—-174kW @ 2,100/min (97/68 EG). Courtesy AGCO-Fendt 2016 
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1.5 Costs of tractor operation 


Total annual operating costs 


ciation 
Interest, insurance, etc. Depre 


0 
0 500 1000 1500 h 2000 
Annual tractor use 
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Fig. 1.40: Annual operating costs for a 100 kW 
tractor for technology level IV. Costs of service 
+repair+tires decrease for higher power but 
increase for lower power. Data from KTBL 
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Accumulated costs for service & repair 


= 0 12000 


4000 6000 8000 h 
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Fig. 1.41: Accumulated costs for service and re- 
pair including tires in % of tractor list price. Study 
of 100 4WD tractors in Northern Italy 2013 [1.33] 
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Operational costs of tractors are usually 
related to one hour of use (p. h.) and they 
are mainly influenced by the following 
factors: 


- Power level 

- Human influences 

- Annual use in hours 

- Load levels in operation 

- Technology level (chapter 1.6) 

- Labour costs as per working hour 

- Costs for operating fluids and spare parts 


Power level. The bandwidth of rated en- 
gine power has become very high, for stan- 
dard tractors now from about 10 to 350 
kW. The working hours for service and 
repair increased however less than the 
tractor power. Although the relative tire 
replacement costs increase with the power 
level, the relative costs for service, repair 
and tires in total decrease slightly with the 
rated power for constant labour costs p. h. 


Technology level. It influences the ope- 
rational costs mainly due to the different 
technical complexity and thus depreciation 
of initial tractor costs. 


Annual use. The more hours per year, the 
higher the total annual operating costs, as 
shown in the upper part of Fig. 1.40 [1.32]. 


However, the costs per hour decrease with 
increasing hours p. a., mainly due to the 
declining influence of the initial costs see 
depreciation in the lower part of Fig. 1.40. 


Tractors which are overdesigned in pow- 
er and specifications, create high costs. 


The fraction of operating fluid costs is 
connected to crude oil prices and subsidies. 
Costs for service and repair have declined 
in the past [1.32], confirmed by an Italian 
study, Fig. 1.41 [1.33]. Values for other 
countries can be higher, as, for example, 
identified for Tanzania [1.34]. 


Human influences. Service and repair 
costs are lower for tractors in the hands of 
contractors than in the hands of farmers as 
reported in [1.33]. 
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1.6 Tractor markets, global pro- 
duct planning, and costs 


Tractor markets and companies. The 
annual global tractor production is esti- 
mated to be almost 2 million units over 
about 15 engine kW (average 2012-2015). 
A very high number of small tractors is 
produced in China and India. 


The countries with the largest numbers of 
produced tractors (in units) are: 


1. India 5. EU 

2. Japan 6. Brazil 
3. USA 7. Turkey 
4. China 8. Belarus 


The value of global tractor production 
was about 45 bn US $ p.a. in 2017. 


After World War II the number of trac- 
tor-producing companies was very high, 
but global competition forced a concentra- 
tion to companies with higher sales. 

A typical example is CNH _ Industrial, 
which is a step-by-step merger of five com- 
panies in the following sequence: 

Case + IH, Ford + NH, Ford NH + Fiat = NH, 
Case IH + Steyr, Case IH + Steyr + NH = 
CNH Industrial [1.35]. 
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AGCO was formed in 1990 by a man- 
agement buyout of Deutz-Allis initiated by 
Robert Ratliff [1.8]. Current AGCO tractor 
brands (as of 2019) are: 


MF, Fendt, Valtra, and Challenger. 


Kléckner-Humboldt-Deutz (KHD) was a 
large German tractor producer for more 
than half a century but sold its tractor busi- 
ness to the Italian SAME Group in 1995. 


CLAAS started in 1997 with the Xerion, 
and acquired the majority of Renault Agri- 
culture in 2003, developing a complete trac- 
tor line with increasing market share. 


John Deere remained independent and is 
globally leading in tractor sales (2018). 


Specification by technology levels. The 
trend towards an internationally organized 
tractor business has to consider a continuous- 
ly increasing bandwidth of specifications 
from “very simple” (mostly low power) to 
“very sophisticated” (mostly high power). 

A typical tractor for USA or Western 
Europe is not suitable for Africa or India as 
it is over-specified and too expensive for 
these countries. This was the motivation for 
developing a structure of globally deman- 
ded tractor specifications, Table 1.4 [1.36]. 


Table 1.4: Survey of worldwide demanded tractor specifications, classified by five technology 
levels for two-axle tractors (Renius 2002 [1.36], updated) 
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Table 1.5: Cost savings by tractor families, example for standard tractors of USA and Western 
Europe (technology levels III, IV, and V). A global structure needs additional families for low levels. 


2,000 — 2,300 


Tractor families are needed, Table 1.5, 
to save costs for development, tooling, lo- 
gistics, and spare parts through many iden- 
tical parts within each family [1.37-1.40]. 


1 
measure for power step 


1-2-3-4 Tractor families 
o Tractor models 


Tractor first costs per kW 


Rated engine power (log scale) 


Fig. 1.42: Specific tractor production costs, 
typical relation for 4 tractor families. Family 2 
has a very narrow power gradation in this 
case to cover the most popular power range 


Table 1.6: Project foundation matrix. The black 
points indicate “action required” [1.40] 


Product R&D Marketing Factory Finance 
- Specifications 

- Production costs 
Markets 

- Sales regions 

- Volume forecast 

- Potential revenues 
Investments 

- Development 

- Factory 

- Sales & Service 
Capacity 

-R&D 

- Factory 

- Finance 


Economic Evaluation 
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Hence, specific production costs for a 
given family structure are not unique for 
all family members, Fig. 1.42 [1.37, 1.38]. 


The top model of a family has the lowest 
specific costs (costs per kW) as it usually of- 
fers the best performance utilisation of its 
parts or components [1.37, 1.38]. The slope 
of the curves can be kept low by adjusting 
components to the power (axles, tires, ...). 


The quality of a family concept can be 
controlled by dividing the total number of 
parts by the number of models [1.36, 1.40]. 

Typical cost distribution by components 
for a 150 kW tractor with driven front axle, 
technology levels [V and V (Europe): 


- Transmission with rear axle ........... 26 % 
- Diesel engine with exhaust treatment 19 % 
- Hydraulics and power steering ....... 11% 
- Cabin with integrated ROPS ..........10 % 


- Driven front axle (12 %), tires (7 %), elec- 
trics, frame, sheet metal, tank, etc. ... 28 % 
- Assembly and quality check ............6% 


Planning a new tractor family needs a 
systematic procedure, Table 1.6 [1.41, 1.42]. 


If only one of the four departments is not 
convinced of the project, it should not be 
settled and better discussed again. 


It has been proven to put “project mana- 
gers” in charge to take care of all activities 
during development. The various subjects 
of project progress control [1.43] can be 
summarized in three central duties: 


1. To control the status of specifications 
2. To control the status of all costs 
3. To control the status of the time scale 
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1.7 Seeking the best for tractor 
user and tractor producer 


The view of the customer. 


Customer needs must be the basis for all 
product definitions, as customers are inter- 
ested in an economic investment. 


A farmer considering buying a tractor 
usually applies the following criteria: 


- Required functions: profile of operation 
- Reliability and dealer service quality 

- Performance, published test results 

- Image of the tractor producer 

- Comfort and safety 

- Fuel economy 

- Appearance (styling, colour, etc.) 

- Resale value 
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Tractor functions, performance, and 
fuel economy depend on three groups of 
technical factors, Table 1.7. 


The view of the tractor producer. 


The company engaged in developing and 
selling agricultural tractors is interested in 
both: meeting customer needs as well as 
possible, and making an adequate profit of 
the producing company. 

Therefore, the tractor producer has to 
make sure that its total costs are below the 
achievable ex factory revenues. 


To know this level, he must analyze all 
important market factors, Table 1.8, left 
hand, and to balance them with all factors 
affecting its total production costs — that 
means ex factory costs, right hand. 


Table 1.7: Factors affecting the value of agricultural tractors (upper technology levels) 


Tractor operation (field and road): performance, functions, and fuel economy 


Component properties 


- Diesel engine 

- Transmission 

- Axles, 4WD, tires 
- PTO concept 

- Hydraulics 


External mechanics 


- Tractor weight 

- Implement & trailer forces 
- Ballast weights 

- Axle load distribution 

- Terrain characteristics 


Process control 


- Driver information 

- Internal bus 

- External bus 

- Assistance systems 
- Automation 
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Table 1.8: Tractor retail price and tractor ex factory costs are the basis for the economy of the trac- 


tor producer 


Tractor retail price depends on 


- Benefits expected by the customer 
- Image of the brand 

- General market price level 

- Market balance: supply < demand 


- Quality of dealer network 

- Quality of sales methods 

- Target of market share 

- Size of dealer network 

- Emotions, styling, stories 

- Dealer costs and dealer margin 


Tractor ex factory costs depend on 


- Product volume, units (per year) 

- Component flexibility within the family 
- Grade of standardized parts 

- Design & value analysis maturity 

- Production costs of the factory 

- Costs for production start-up 

- Production life cycle (years) 

- Costs for R&D, warranty, etc. 

- Costs for sales & service support 

- Other overhead 
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1.8 Standards and regulations 


Standards simplify not only tractor-im- 
plement combinations but also internation- 
al business. Early historical issues addres- 
sed specifications such as PTO (shaft & 
rpm), three point hitch and track width. 


Standards were initially developed nation- 
ally for tractors (for example by ASAE in 
the US, BSI in the UK, or DIN in Ger- 
many). Their subjects were expanded later 
on to other areas such as human relations, 
safety, emissions, communication systems, 
sustainability, recycling, and others. 


Regarding history, the United States has 
been leading in tractor standards for a long 
time; see, for example, the first ASAE stan- 
dard for the PTO, in force in 1927 [1.23]. 


Six recent phases of standardization have 
been identified in [1.44]: 


- 1950s: reduction of design variety 

- 1960s: interchange ability & usability 

- 1970s: ergonomics & operator safety 

- 1980s: tractor & implement interfaces 

- 1990s: safety (CEN) & electronics (ISO) 
- 2000s: systems and processes 


While technical aspects and customer de- 
mands drove the first phases, standard 
methods for official regulations came up in 
addition — with European EN standards 
mainly for safety and traffic regulations. 
Safety standards are often published by 
both, EN and ISO, ensuring the acceptance 
on the European and international levels; 
see, for example, the general European 
safety standard EN ISO 4254-1 [1.45]. 


The International Organization for Stan- 
dardization (ISO) started for tractors and 
agricultural machinery in 1952 [1.45]. ISO 
has become the most important organiza- 
tion of this kind because of globalization. 


ISO standards have been developed for 
all areas of tractor design. The number of 
national standard projects has declined con- 
siderably; however, they are sometimes de- 
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rived from ISO standards; for example, the 
German DIN ISO 1219-1 for hydraulic 
symbols or DIN EN ISO 4254-1 for safety 
requirements. 


ISO activities are well organized by 
Technical Committees (TC), Sub Commit- 
tees (SC), and Working Groups (WG). 


International standards for agricultural 
tractors are administered by ISO TC 23 
[1.46], mainly in SC4. The development of 
ISO standards takes place in steps. The 
following final versions should already be 
considered for tractor developments: 


- ISO/DIS .... Draft International Standard 
- ISO/FDIS ... Final Draft Intern. Standard 
SAS Oreste Siti be International Standard 


The creation of valuable ISO standards is 
hard global democratic work. It requires 
well educated, motivated engineers with 
diplomatic skills and good English know- 
ledge in order to achieve economic com- 
promises, also in the case of factual con- 
flicts. The earlier a new standard is discus- 
sed, the better the chance for progress and 
global benefits. 

If a standard does not get the necessary 
ISO agreement, it can become an “ISO 
Technical Report” (SO/TR). A “Technical 
Specification” (ISO/TS) is also possible. It 
requires, however, consensus within an 
ISO Committee. 


Every ISO Technical Committee and 
every ISO Sub Committee is represented 
by a secretariat. Its location can vary. 


National representatives can make propos- 
als which are usually discussed in a first 
phase in a working group. ISO standards 
are subjected to automatic revision. 


ISO standards and regulations for trac- 
tors (including safety and emissions) are 
widely considered along with the follow- 
ing chapters as they influence an updated 
tractor design more than ever before. 


Pages 276-277 of this book contain a 
list of ISO standards for tractors. 


1 Mission, history, trends, markets, and costs 


References -— Translation of titles in () 


[1.1] Fourastié, J.: Le grand espoir du XX. siecle. 


(The great hope of the 20th century). 
Paris: 1949 and 1963. 


[1.2] Renius, K.Th.: Agricultural mechanization 
—a key for future mankind welfare. 
Club of Bologna at EXPO Milan, 
21.09.2015. www.clubofbologna.org. 


[1.3] Sakai, J.: Tractors: Two-Wheel Tractors 
for Wet Land Farming. In: CIGR Hand- 
book of Agricultural Engineering, Vol. II, 
54-95. St. Joseph MI: ASAE 1999. 


[1.4] Lara-Lopez, A., and W.J. Chancellor: 
Tractors: Two-Wheel Tractors for Dry 
Land Farming. In: CIGR Handbook of 
Agricultural Engineering, Vol. II, 95-114. 
St. Joseph MI: ASAE 1999. 


[1.5] Renius, K.Th.: Trends in Tractor Design 
with Particular Reference to Europe. 


J. Agric. Engng. Res. 57 (1994) No. 1, 3-22. 


[1.6] Goldbeck, G.: Die Begriindung der Moto- 
rentechnik — die Versuche von N.A. Otto 
1860-76. (Creation of the IC engine — 
experiments of N.A. Otto 1860-76). 
Motortech. Z. 37 (1976) No. 4, 109-114. 


[1.7] Seherr-Thoss, H.C. Graf von: “Otto, Nico- 
laus August” (German), in: Neue Deutsche 
Biographie 19 (1999), 700-702. 


[1.8] Niskanen, H.: The Proud History of AGCO. 


Duluth, USA, AGCO Corporation 2008. 


[1.9] Macmillan, D., and R. Jones: John Deere 
Tractors and Equipment. Vol. I: 1837- 
1959, St. Joseph MI: ASAE 1988. 


[1.10] Broehl, W.G.: John Deere’s Company. 
New York, N.Y.: Doubleday & Co. 1984. 
ISBN 0-385-196641-14. 


[1.11] (Deere & Company): John Deere Tractors 


1918-1976 (Booklet with excellent graphics). 


Moline: Deere and Company: 1976. 


[1.12] Quick, G.R.: Australian Tractors. 
St. Joseph MI: ASAE 1990. 
ISBN 971-91180-08. 


[1.13] Williams, M.: Ford & Fordson Tractors. 
Ipswich: Farming Press 1992. 


[1.14] Williams, R.C.: Fordson, Farmall, and 
Poppin’ Johnny. Urbana and Chicago: 
Univ. of Illinois Press 1987. 


[1.15] 


[1.16] 


[1.17] 


[1.18] 


[1.19] 


[1.20] 


[1.21] 


[1.22] 


[L223] 


[1.24] 


[1.25] 


[1.26] 


[1.27] 


23 


Huber, F.: Schwer6lschlepper der Maschi- 
nenfabrik Heinrich Lanz Aktiengesellschaft. 
(Heavy fuel oil tractor of the Heinrich Lanz 
Company). Technik in der Landwirtschaft 
7 (1926) No. 4, 80-85. 


Kihne, G.: Handbuch der Landmaschinen- 
technik. (Handbook of agricultural machi- 
nery), Vol. L, Berlin: J. Springer 1930. 


Vormfelde, K., and K. Rau: Priifung eines 
22 PS Grob-Bulldog. (Test of a 22 hp trac- 
tor, type Gro’ Bulldog). Technik in der 
Landwirtschaft. 8 (1927), No. 3, 51-62. 


Schmeing, W., and H.-J. Wischhotf: 
Traktoren der Daimler AG. (Tractors of the 
Daimler AG) Vol. I, Frankfurt/M.: DLG- 
Verlag 2009. 


Franz, G.: Die Geschichte der Landtechnik 
im XX. Jahrhundert. (History of agricultu- 
ral technologies in the 20th century). 
Frankfurt/M.: DLG-Verlag 1969. 


Fraser, C.: Harry Ferguson: Inventor and 
Pioneer. London: John Murray Publishing 
House 1972. 


Ferguson, H.G. 1925. Apparatus for Coup- 
ling Agricultural Implements to Tractors 
and Automatically Regulating the Depth of 
Work. British Patent 253,566 (12.02.1925). 


Booth, C.E., and A.T. Condie: The new 
Ferguson album. 2nd Edition. Calton 
(UK): Allan T. Condie Publications 1988. 


-.-: Significant Contributions to the Mecha- 
nization of Agriculture and Construction 
1893-1993. Equipment Manufacturers 
Institute (EMI, USA). Chicago: 1993. 


Holt, P.E.: The development of the track 
type tractor. Agric. Engineering 6 (1925) 
No. 4, 76-79. 


Chaudhary, V.P., and M.P. Singh: The Ex- 
tent and Nature of Tractorization in India: 
An Overview of the Past and Current Sta- 
tus and Future Trends. 

AMA 43 (2012) No. 43, 24-31. 


Paul, M., and E. Wilks: Driven Front 
Axles for Agricultural Tractors. ASAE 
Lecture Series No. 14. St. Joseph MI: 
ASAE 1989. 


Auernhammer, H., and J. Schueller: Preci- 
sion Farming. In: CIGR Handbook of Agri- 
cultural Engineering, Vol. III, 598-616. 

St Joseph MI: ASAE 1999, 


24 


[1.28] 


[1.29] 


[1.30] 


[1.31] 


[1.32] 


[1.33] 


[1.34] 


[1.35] 


[1.36] 


PEST] 


[1.38] 


[1.39] 


[1.40] 


Renius, K.Th.: Tractor engines and trans- 
missions. In: Yearbook Agric. Engng. 11 
(1999), 45-49 and 249-250. 

Miinster: Landwirtschaftsverlag 1999. 


Renius, K.Th.: European Four-Wheel 
Drive: Are Technical Advantages Prof- 
itable? ASAE-Paper 79-1555. 

St. Joseph, MI: ASAE: 1979. 


Renius, K.Th.: Gedanken zur friihen und 
neueren Entwicklung des Allradantriebes 
bei Traktoren. (Review on early and recent 
developments of all-wheel drives for agri- 
cultural tractors). 

Landtechnik 44 (1989) No. 10, 420-425. 


Renius, K.Th. (Editor): 25 Jahre VDI- 
Fachgruppe Landtechnik. (25 years of 
Agricultural Engineering within VDI). 
Diisseldorf: VDI-Landtechnik 1983. 


-.-: Database of KTBL. Kuratorium fiir 
Technik und Bauwesen in der Landwirt- 
schaft, Darmstadt, Germany: 2013. 


Calcante, A., L. Fontanini, and F. Mazetto: 
Repair and Maintenance Costs of 4WD 
Tractors in Northern Italy. Transactions 
ASABE 56 (2013) No. 2, 355-362. 


Mpanduji, S.M.: Repair Costs of Tractors 
and Comparison of Mechanization Strate- 
gies under Tanzanian Conditions. Ph.D. 
thesis TU Munich 2000. Forsch.-Bericht 
Agrartechnik VDI-MEG No. 360 (2000). 


Lenge, R.: Hersteller im Hochzeitsfieber. 
(Company marriage fever). Top agrar 32 
(2004) No. 5, 78-79. 


Renius, K.Th.: Global Tractor Development: 
Product Families and Technology Levels. 
Conference “Actual Tasks on Agric. Eng.” 
Opatija: March 12—15, 2002. Proc. 87-95. 


Welschof, G.: Entwicklungslinien im 
Schlepperbau. (Development lines in 
tractor design). Grundl. Landtechnik 24 
(1974) No. 1, 6-13. 


Jenkins, D.W.: Principles of Product 
Planning for Worldwide Design. 
ASAE Lecture Series No. 21. 

St. Joseph MI: ASAE 1997, 


Gopfert, J. and M. Steinbrecher: Modulare 
Produktentwicklung leistet mehr. (Modular 
product development does more). Harvard 
Business Manager 22 (2000) No. 3, 20-30. 


Renius, K.Th.: European Tractor Trans- 
mission Design Concepts. ASAE Paper 
76-1526. St. Joseph, MI: ASAE 1976. 


1 Mission, history, trends, markets, and costs 


[1.41] Renius, K.Th.: The industrial process of 
implementing innovative ideas to farm 
machinery. Club of Bologna, Nov. 8-9, 


1989. www.clubofbologna.org. 


[1.42] Magrab, E.D., et al.: Integrated product 
and process design and development: the 
product realization process. 2nd Edition. 
Boca Raton, London, New York: CRC Press 


2010. 


Richenhagen, M.: Simply management. 
2nd Edition. iUniverse LLC, Bloomington, 
IN, USA: 2013. ISBN: 978-1475994766. 


Plate, W.: Die Normung der Landtechnik 
im vierzigjahrigen Riickblick. (40 years of 
standardization of agricultural machinery). 
In: Jahrbuch Agrartechnik 2 (1989), 18-22. 
Frankfurt: Maschinenbau-Verlag 1989. 


Alt, N.: International agricultural machinery 
standards for the benefit of agriculture and 
industry. Club of Bologna Nov. 10-11, 2013. 
www.clubofbologna.org. 


Hahn, R., and B. Cheze: Machines of crop 
production — standardization. In: CIGR 
Handbook of Agric. Engineering, Vol. III, 
503-520. St Joseph MI (USA): ASAE 1999. 


[1.43] 


[1.44] 


[1.45] 


[1.46] 


Other suggested publications 


Davidson, J.B., E.V. Collins, and E.G. McKibben: 
Tractive efficiency of the farm tractor. Research Bul- 
letin. Iowa Agriculture and Home Economics Ex- 
periment Station Vol. 16, No. 189, 257-333. Ames, 
Iowa: 1935. http://lib.dr.iastate.edu/researchbulletin. 


Worthington, W.H.: The engineer’s history of the 
farm tractor. Impl. & Tractor 82 (1967) No. 2-11. 


Esmay, M.L. and C.W. Hall (Editors): Agricultur- 
al Mechanization in Developing Countries. 
Tokyo: Shin-Norinsha Co., Ltd.: 1973. 


Freitag, D.R.: History of wheels for off-road trans- 
port. J. of Terramechanics 16 (1979) No. 2, 49-68. 


Gohlich, H. Development of tractors and other 
agricultural vehicles. J. of Agric. Engineering Re- 
search 29 (1984) No. 1, 3-16. 


Liljedahl, J.B., et al: Tractors and their power 
units, 4th edition. St. Joseph, MI: ASAE 1996 (also 
other publishers). 


Kutzbach, H.D. Allgemeine Grundlagen, 
Ackerschlepper, Fordertechnik. (General funda- 
mentals, tractors, conveying). Lehrbuch der Agrar- 
technik Vol. 1, Hamburg/Berlin: P. Parey 1989. 


May, O., and H. Mettig: Das Baukastensystem als 
Konstruktionsprinzip im Motorenbau. (Modular en- 
gine design system). ATZ 67 (1965) No. 3, 77-85. 


2 Tractor mechanics 


2.1 Speed and slope limits of 
practical tractor use 


Off-road tractor speeds. Off-road work- 
ing speeds have been increased from about 
3 km/h (for horses) [2.1] to often between 
about 4 and 12 km/h for tractors; in the 
case of a very even surface for special 
operations (such as forage cutting) up to 
15-20 km/h. 

The following implements and nominal 
speeds are used for heavy tillage: 


- Rotary power tiller (PTO) ....... 3-5 km/h 
=. SUDSONEE cictaicucnteognecacnetiedess 4-6 km/h 
- Plow, small tractor ................ 4-6 km/h 
- Plow, large tractor ................ 7-9 km/h 


- Cultivator, large tractor ......... 

- Disc harrow, large tractor....... 8-15 km/h 
Speeds below 2 km/h are seldom used, 

often covered by special creeper speeds. 


Speed limits for field work. Productivi- 
ty can be increased by higher speeds but 
there are some typical limits: 


- Quality of process and/or work output 
- Specific energy consumption 
- Riding comfort 

Examples: 

1. Seeding at increased speeds may in- 
crease the variance of seedling positions. 

2. A higher working speed mostly needs 
more fuel per ha due to higher energy con- 
sumption for mass accelerations (e.g. soil). 

3. Vibration amplitudes for a given sur- 
face increase more than linearly as speed 
increases. For better riding comfort, ade- 
quate suspensions, mostly soft suspended 
front axles and cabs, can compensate for this. 


Speed limits on the road. Top speeds on 
the road are often about 28-32 km/h world- 
wide for standard tractors. EU regulations 
in Western Europe favour 40 km/h; how- 
ever 50 km/h is popular for larger tractors 
— even 60 km/h as an option. 
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Slope limits on the road. This is usually 
no problem for a single tractor as its criti- 
cal slope for overturning is so high that the 
driver will always have a reserve. 


However, when the tractor is working 
with a front end loader, the critical slope of 
overturning can be much lower. 

Slope limits off-road. Maximum slopes 
for plant production (facing erosion and ma- 
chinery application) are as follows: 


- Sugar beets, COrMn ............... eee ees 12% 
> POLALOES sx iiav nc tdecesscoeentecectisccdes 20 % 
SA GPAIN sch s05.5c08 tonvidesereseusiasataseucts 25 % 
BP OPAC .c ra cumenunse wack ava seems acount 30 % 
- Meadows ........cceecccce cece eee ee ee eens 45 % 


A standard tractor should be able to hand- 
le slopes of up to 36.4 % (20°). Regarding 
overturning limits, this is also a typical val- 
ue for the dynamic limit in the field due to 
obstacles or turning effects [2.2], while the 
static limit is typically double that value. 

This results in the design rule that all oil 
levels of the powertrain should be able to 
handle slopes of 20° (36.4 %) in all direc- 
tions, for the PTO more for stationary ope- 
rations such as driving irrigation pumps. 


Special tractor versions with a low center 
of gravity, wide track width, low tire dia- 
meter, and duals are used for strong slopes. 
In this case, oil levels should be able to 
handle about 30° in all slope directions. 


Traction limits on slopes can be moved 
up by a special chassis design, Fig. 2.1. 


Fig. 2.1: Special tractor 
with slope compensa- 
tion by special axles, 
proposed in [2.3]. No 
series production for 
tractors but realized 
for combines 
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2.2 lire-soil mechanics 


2.2.1 Basic soil properties 


Importance. The energy losses between 
traction tires and the soil in field operations 
usually represent the highest share of all 
energy losses between the diesel engine 
and a pulled implement. Many internation- 
al publications have been presented, often 
by members of the Jnternational Society 
for Terrain-Vehicle Systems (ISTVS), found- 
ed by Mieczyslaw Gregory Bekker (1905- 
89) [2.4, 2.5, 2.6], who even contributed to 
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Fig. 2.2: Experiment to determine the coefficient 


of cohesion c and the angle of inner friction @. 
Example for a soil with high clay content 
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the design of the Apollo 15 Lunar Rover. 

Initial basis: the Coulomb equation. 
Charles A. Coulomb (1736-1806) published 
an equation modelling the friction in the 
case of cohesion [2.7]. 

This famous equation can be derived 
from a simple experiment, Fig. 2.2. The 
soil is loaded by a shear plate in order to 
measure the horizontal shear force under a 
defined vertical load [2.5, 2.6, 2.8, 2.9]. 

The shear plate is moved and the shear 
force Fy measured. The force values are 
divided by the plate area A receiving shear 
stress 7. This is plotted versus the plate tra- 
vel for different vertical loads Fx, mid 
diagram. The maximum shear stress values 
Tmax are introduced into the lowest diagram 
of Fig. 2.2, plotting all maxima 7,,, versus 
the normal stress o. 

A straight line can usually be drawn 
through the test results representing the 
equation of Coulomb: 


Tmax =C+O-tang =C+O- (2.1) 


In the case of no stress oO (no load), the 
shear stress is only carried by the cohesion 
c of the soil. The additional shear stress de- 
pends on the normal load, its increase with 
oO gives the angle of internal soil friction g 

The term tan g is also known as the clas- 
sic coefficient of friction J. 

In terms of forces: 
Vidas =c:A + Fy . tan @ 
Cohesive soils: c =~ 2...4 N/cm” [2.10]. 


(2.2) 


Example: maximum gross traction of a 
tractor tire on sandy loam (estimated): 

Adhesion tire-soil c= 2.5 N/cm*= 25 kPa 

Contact area under load = 3,000 cm? 

Tire load 30 kN = 30,000 N 

Angle of internal friction g = 24° 


Fy, max= 2-5 + 3,000 + 30, 000- 0.445 = 20.9 kN 


Several models of shear stress T versus 
plate travel have been developed [2.11]. 
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2.2.2 1ire-soil interaction 


Soil movement under traction tires has 
been investigated by Walter Sdéhne (1913- 
2011) [2.12], Fig. 2.3. He inserted vertical 
layers of white gypsum into vertical soil 
cuts and studied their movement under 
loaded tractor tires for several cases. 


The loaded tire affects a certain vertical 
rut depth and additional horizontal plastic 
soil deformation. 

A pulled tire without braking forces cre- 
ates a certain horizontal “negative” defor- 
mation, but has no shear-off area. 


When a pull force is applied and increased, 
local shear stress arrives at its maximum 
(see equation 2.1), beginning at the contact 
run out. The higher the traction force and 
the slip, the larger the area of soil shear-off. 


The development of shear areas has also 
been studied by Séhne from a vertical view, 
Fig. 2.4. The higher the slip, the larger the 
measured shaded shear area. When the 
whole contact area is sheared off, the tire 
achieves its maximum pull; for example, in 
the case of cohesive soils for slip values 
often around or above 50%. 


For this case, the maximum gross traction 
(equation 2.2) can be used to derive the 
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Fig. 2.3: Soil movement under tractor tires. The 
gypsum layer | indicates undisturbed soil which 
is deformed and partially sheared off by horizon- 
tal forces. Tire size 9.5-40 [2.12] 


maximum net traction Pymax: 
Paw Sc -A+ Fy: tang - Fp 


where 


(2.3) 


Fy = tire load 
Fp = tire rolling resistance. 
Maximum net traction forces are impor- 


tant for short-term “emergency traction’, 
but not for permanent operation. 


4169 N (425 kgf) 4905 N (500 kgf) 


Horizontal movement of tire versus soil 


Fig. 2.4: Soil movement within the contact area of a pulling tire 12.4-24 for increased traction 
(from left to right). The higher the traction, the larger the area of sheared soil (Shaded) [2.12] 
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come rolling resistance 
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additional braking 
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resulting 
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IV. Pulling 
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Fig. 2.5: The four characteristic cases of tire-soil mechanics off-road, flat terrain [2.13] 


Soil-tire mechanics can be classified by 
four cases [2.13, 2.14], Fig. 2.5. 

The two most important ones are: 

Case IT: a non-driven front wheel of a 
2WD tractor or a wheel of a trailer. 

Case IV: a pulling wheel. 

A (fictive) “gross traction” Fy can be de- 
rived by Fig. 2.6 [2.13, 2.14]. 


Fu= Frt+FR=+ L 
15 


(2.4) 


anes traction A Gross fraction Fu 


{| ee Fis ising as uses 
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Va Tractive efficiency. nN; 


a aeioh ach 
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Net traction F, 


Fu, Fp and Fy in % of tire load 
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Fig. 2.6: Gross traction, net traction and trac- 
tion efficiency (dry uncultivated stubble) 


The radius r of Fy (Fig. 2.5) is not exactly 
identical with the rolling radius [2.15]. 


Definition of travel reduction (slip): 


travel without slip — true travel 
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travel without slip ce) 


Slip i= 


Definition of ‘‘zero slip” by Fig. 2.5. 
A simple, clear physical “law” is not pos- 
sible [2.16]. Four agreements are common: 
1. Zero slip at zero net traction, case III. 
Very easy to handle but determination only 
useful for very firm soils (a wheel can spin 
without traction under muddy conditions!). 
2. Zero slip between II and III. Several 
authors recommend measuring the travel 
distance for a given number of revolutions 
for II and II and calculating the effective 
tire radius from the mean distance [2.14]. 
3. Zero slip on concrete at zero pull with 
and without correction factors [2.17]. 


4. Effective radius derived from tire data. 


Traction and rolling resistance model- 
ling can be simplified by coefficients such 
as «(net traction) and p (rolling resistance): 


Net traction F; 


~ Vertical tire load Fy — 
= Rolling ees FR (2.7) 
Vertical tire load Fy, 
Calculation of driving torque T: 
T= (F7+ FR) -r=(K+pP)-Fw:r (2.8) 
Tractive efficiency: 
N= Kap (ri) = MoM (2.9) 


ie 
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The four characteristic cases of tire-soil 
mechanics (Fig. 2.5) result in performance 
curves as plotted in Fig. 2.7 [2.14]. 


Gross traction F, 


Slip negative 


Fig. 2.7: Traction, rolling resistance and braking 
forces versus travel reduction after Sdhne [2.14], 
Sections | to IV as defined by Fig. 2.5 


In the case of braking (left part), the rol- 
ling resistance supports the retardation and 
the high negative net traction is a measure 
of the tire braking force. 


Fragmentation of travel reduction and 
rolling resistance is shown in Fig. 2.8. 


Gross trac— 
tion Fy 


Slip by tire deflection 
by soil deflection 
/ by soil shear 
ing resistance FR 


Fy Roll 
F att 
u Net traction F, 
Rolling resistance 
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by tire deflection 
by soil deflection 
| by slip sinkage 
va Slip 
rr 
R 


Fig. 2.8: Traction forces, travel reduction (slip), 
and rolling resistance, after S6hne [2.14] 
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Soil-tire interaction during turns is char- 
acterized by lateral forces (side forces). 

Fig. 2.9 shows the soil force and its com- 
ponents Fp and F, of a non-driven tire un- 
der a certain slip angle for off-road condi- 
tions (tractor front axle). 


Vehicle travel direction 
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Fig. 2.9: Horizontal soil force and its compo- 
nents side force FL and rolling resistance FR of 
a steered, non-driven, loaded tire on soft soil 


If the steering wheel is driven, the soil 
force vector can be estimated by xk: Fy. 
The traction force is reduced as side forces 
increase [2.18 - 2.20]. This is well known 
for road surfaces (“Kamm’s Circle’) but 
was also demonstrated for off-road con- 
ditions, Fig. 2.10. It is interesting that the 
side forces have their maximum not at zero 
forward slip but at a negative value of 5- 
10% (braking mode). 


Soil conditions have a higher influence 
than the size of the traction tires [2.19]. 


Slip aim 20° 


Tire 20.8 R 38 
Tire load 10 kN 
Inflation 1.3bar 
Dry stubble 


Hr Te 


Wheel side force 


ni “I 


0 
-10 -5 
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Fig. 2.10: Off-road wheel forces under side slip. 
Measurements with a large radial tire [2.19] 
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Equation (2.9) indicates that tractive effi- 
ciency can be understood as a product of 
- Np ..-rolling resistance efficiency and 
- 7, ...travel reduction (slip) efficiency. 
The author sees no clear priority as to 
which energy loss must be calculated first. 
The zero-slip problem can be avoided by 


plotting tractive efficiency versus net trac- 
tion [2.21] or its coefficient [2.22], Fig. 2.11. 


10 = LL 
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Fig. 2.11: Tractive efficiencies, 20.8R42, duals, 
83 kPa tire inflation pressure, dry soil [2.22] 


"esas 


0.40 
0.35 


0.30 


Inflation pressure high 
| low 


— l ll] 
020 fe Linn 
R 
0.15 IN eee 
ae to me 


0.05 LM eto 
aa Waeay TTT 
as eres tee 


Coefficient of rolling resistance 


0.6 0.8 1.0 12 14 m 16 
Diameter of pneumatic bias ply tires 


Fig. 2.12: Rolling resistance 1940 [2.23] 


Large tires favour low losses, Fig. 2.12 [2.23]. 


Values p of traction tires on concrete are 
2-3% (bias) and 1.5-2.5% (radials); influ- 
enced by dimensions, load, inflation [2.24]. 
Net traction coefficients K were presented 
by Sohne [2.21] for bias tires. They are up- 
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Fig. 2.13: Net traction coefficients for radials, esti- 
mated by the author (values for bias lower [2.21]) 
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Fig. 2.14: Example for analog real time mea- 
surement of traction performance. Bias ply 
tire 16.9-30 on dry stubble, 1.4 bar [2.25] 


dated by the author for radials in Fig. 2.13. 


Traction mechanics were measured in 
real time by Steinkampf, Fig. 2.14 [2.25]. 
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2.2.30 Iraction models 


Traction models for bias tires. A simple 
model uses for dry stubble only the slip i 
as input for the net traction coefficient x: 
K=T1 (2.10) 

An updated review on traction mechanics 
was presented in [2.26]. The typical basis 
of semi-empirical equations is often an e- 
function based on the Coulomb equation. 
Janosi and Hanamoto [2.27] simplified for- 
mer models of Bekker: 


t= (c+otang)-(1-e%) (2.11) 
where 
T,c, o and @ from equation 2.1 and Fig. 2.2 
e = natural base = Euler constant = 2.71828... 
j = Shear displacement 


K = factor addressing initial slope of 7(/) 

This often-cited equation was originally 
presented for tracked vehicles, but also 
became a base for pneumatic tires, leading 
to similar equations with travel reduction i. 
It is only valid up to slip values near Tyax. 

Dwyer demonstrated that the basic form 
of (2.11) is even useful for traction pre- 
dictions on concrete (for bias tires) [2.28]: 
K = 1-07 (2.12) 
with « and 7 as already defined. 
Example: slipi=0.05 > x= 0.63 


Also the popular model of Wismer and 
Luth [2.29] addresses bias ply rating tires: 


K=0.75-(1-e93 1) (7240.04) (2.13) 
es ta, 


—$— $= 
Gross traction u Rolling res. p 


with slip 7 and “wheel numeric” Cy: 


_ b-d-Cl 
Cy = ae 


(2.14) 


where 


b = tire width unloaded 

d = tire diameter unloaded 

CI = ASABE cone penetrometer index 
Fw =tire load 


Equation (2.13) was later modified by se- 
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veral authors, in particular by Brixius 
[2.30]. For bias ply tires, he proposed the 
equation (2.15): 


= a O1Bny 7y_ a-75i)_[ 1 0.5% 
K=0.88(1-e7°18").(1- 7") a 


in which the “mobility number” By 1s: 
Bp. — b:d-Cl 145 Yn 
— ; 


(2.16) 


where 
CI = ASABE cone penetrometer index 
b = tire width unloaded 
d =tire diameter unloaded 
Fw =tire load 
O= vertical tire deflection under load 
h = tire section height 
Typical values of the cone index CT [2.30]: 


- Wet soft or loose sandy soils ... 450kN/m* 
- Stubble at springtime ............ 700 KN/m”* 
- Dry soil at wheat harvest ....... 1200 kN/m? 
- Heavy dry soil, uncultivated .... 1800 kN/m”* 


Values of B, (soft—firm) are about 15—40. 


Separate modelling of the rolling resistance 
coefficient 9 is presented by the equation 


(2.17) 


Traction models for radials. Radials 
widely replaced bias tires at the upper 
technology levels. Zoz and Grisso [2.22] 
picked up statements of Brixius [2.30] re- 
commending the following modified 
Brixius equation for radials (equ. 2.15a): 


e088 (ee ).Ger” -|z+ | 
(1- Fay (1-7) [34 

As radials have a slightly lower rolling 
resistance, equation (2.17) was modified to 


2 = OSi 
— io 
fe Bn VBn 


The newly recommended factors within 
(2.15a) and (2.17a) are: 0.08 —7.0— 1.2 —0.03. 


A detailed traction model was also presen- 
ted by Upadhyaya et al [2.31], the (simpler) 
Hohenheim model by Schreiber [2.32]. 


+ 0.03 (2.17a) 
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2.2.4 Multi-pass and inflation control 


Multi-pass of tires on soil increases 
traction forces and traction efficiency. 

Performance characteristics of tractor 
tires are usually presented for unaffected 
soils. Correction should be made in the 
case of multi-pass; for example, for the 
second axle of a 4WD tractor off-road. 


The physical effect is a reduction of rol- 
ling resistance and an increase of the net 
traction at the same slip. Hence, wheel 
torque is not very sensitive to multi-pass 
and cannot be used to address it as both 
effects result in a certain compensation. 


Table 2.1: General importance of tire inflation 
pressure addressing on-road and off-road. The 
crosses X indicate positive influence 


Inflation pressure 


Criteria 


Initial cost per load unit 
Required vehicle space 
Rolling resistance road 
Tire weight 
Keeping on track 
Soil compaction 
Off-road performance 
Riding comfort, peak forces 
Dynamic overturn risk 
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Same soil conditions 


Inflation pressure high Inflation pressure low 


— Low resistance 
- Flat rut 

— Low compaction 
- High traction 
- High efficiency 


— High rolling resistance 
- Deep rut 

- High soil compaction 

- Moderate traction 

- Moderate efficiency 


Fig. 2.15: Influence of tire inflation pressure 
under field conditions 
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The reduced rolling resistance of multi 
passing was recognized early, along with 
the introduction of pneumatic tires as, for 
example, expressed by H. Meyer in 1933. 


Special research on multi-pass wheel me- 
chanics has been carried out by Holm 
[2.33, 2.34]. He measured traction coeffi- 
cients in a soil bin in a sequence of up to 
four passes and found the main increase 
during the second pass for both, the coef- 
ficient of net traction and the traction 
efficiency. 


Regarding a 4WD tractor he derived: 
Mit Pie oP) 

index 1 - front axle 

index 2 - rear axle 


with A> > Kj, at all times 


(2.18) 


This simplified model supposes that gross 
traction (and driving torque) is not influ- 
enced by multi-pass for the second pass. 

Holm’s multi-pass research results have 
been confirmed in principle by later publi- 
cations, such as [2.35, 2.36]. 

The ratio of K, to Ky depends on the tire 
dimensions and soil conditions. 


The author proposed for dry uncultivated 
soil and same slip front and rear the fol- 
lowing equation as a guideline [2.37]: 
kK, =I1.1k, (2.19) 
Taylor et al. presented a factor of even 1.3 
for tilled soil at 10% slip for a 13.6-38 [2.36]. 


A well-adjusted tire inflation pressure 
means, as a general rule, high values on- 
road and low values off-road, Table 2.1. 


The benefits of low pressures off-road 
were already reported in 1935 [2.38]. 


Tractor tires have been developed by the 
related industry for an unusually large 
bandwidth of specified inflation pressures 
in order to offer an adequate adjustment to 
the surface and speed conditions. 


This potential should be used — mainly for 


larger tractors. The advantages are convin- 
cing, Fig. 2.15. 
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These advantages of tire inflation control 
have been reported in many publications. 


Fig. 2.16 shows results from the former 
soil bin of the TU Munich [2.39]. The 
adjusted soil conditions simulate a field 
structure which is similar to that of a 
stubble field. Increased net traction and 
decreased rolling resistance benefits both, 
pull and tractive efficiency. 


The gain in traction (at constant slip) and 
the improved tractive efficiency were also 
reported in [2.22] with benefits in this case 
mainly for higher net traction coefficients, 
Fig. 2.17. It may be noted that a pressure 
of 0.41 bar is already very low. Such val- 
ues generate very low soil compaction, and 
rut depth, Fig. 2.18; however, optimum 
pressures for net traction coefficients can 
be slightly higher, as shown in the fol- 
lowing diagrams. 

Wide section tires allow inflation pres- 
sures as low as 40-60 kPa (0.4—0.6 bar), 
which can be applied off-road even for 
high tire loads, as specified load capacities 
increase with decreased working speeds. 


Field experiments have been carried out 
over many years at Fachhochschule Siid- 
westfalen-Soest (Germany) under L. Volk, 
“teaching” the benefits even by public de- 
monstrations. 


Are there higher loads for the trans- 
mission through increased net traction? 


This question addresses 


- multi-pass and/or 
- reduced tire inflation pressure 


Torques are only very slightly affected, 
as both the reduced rolling resistance and 
the reduced tire radius largely compensate 
for higher net traction ratios [2.33, 2.39]. 


This is an important finding, as both ef- 
fects improve productivity, but do not re- 
quire reinforcements of the transmission. 


This also means that off-road torque 
measurements at the drive axles cannot 
monitor net traction changes well. 
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Fig. 2.16: Typical benefits of reduced tire 
inflation pressure. Soil bin measurements 
with tire 18.4R38 at a load of 26.2 KN. 

Rolling radii: 1 = 0.858m, rz = 0.812m [2.39] 


0 0.1 0.2 03 0.4 05 0.6 
Coefficient of net traction kK 


Fig. 2.17: Increased tractive efficiency by lower 
tire inflation pressure (2). Tire size 710/70R38, 
tilled loose soil. 

Tire inflation: 1—1.93bar, 2-—0.41 bar [2.22] 


Fig. 2.18: Reduced rut depth by low section tires 
and low inflation pressures. Courtesy L. Volk in 
cooperation with Michelin 
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same time less sensitive to 


The reason is that the nominal load ca- 
problems of very low pressures. 


- Fig. 2.19 pacity was exceeded at lower pressures. 


with results for subsoiling and two tire 


dimensions. 


The wide section tire (below) offered a 
considerably higher tractive efficiency and 


The following two diagrams represent 
The reduction of the tire in- 


measurements of Rempfer [2.39] 
flation of the standard tire delivered the was at the 


best efficiency at 80 kPa, but not below. 
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Rear tire a ee in a 
Reduced tire inflation pressures considerably improved productivity and energy efficiency [2.39] 


Fig. 2.19: Terramechanics of a 4WD tractor rear axle. Full load, subsoiling with 7.4 km/h. 
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Fig. 2.20: Terramechanics of a tractor rear axle for harrowing at about 11 km/h [2.39]. Reduced 
tire inflation pressures considerably improved productivity and energy efficiency 
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Fig. 2.21: Rolling resistance on concrete at 15 km/h: high inflation pressures are beneficial [2.39] 


Harrowing at 11 km/h needs low trac- . ee 
tion ratios, Tie. 2.20, but also has impor- Bett: 810 mm |. 
tant benefits of low inflation pressures due || A7|__Tractive efficiency) J 
to reduced slip and rolling resistance. a. | Tires: 208R42 duals | | \ 
Fig. 2.21 underscores Table 2.1: High in- ) ier oi thoi hk 4 


flation pressures reduce rolling resistance 
for on-road operations [2.39]. High differ- 
ences result for low-section tires (left)! 


Efficiency / Sl 


pF || Firm, untited sot | | 
Ll 


Belt drives achieve higher off-road trac- 


tion efficiencies than tires, mainly for high Travel reduction ratio (slip) A 
ull forces, Fig. 2.22 [2.22]. They are, how- | | Belt 
ae less ie on - a : 0 = 
; 0 O1 02 03 O04 O05 O06 O7 08 
The distinct element method DEM uses Coefficient of net traction K 


se eee) nee defining pad ol Fig. 2.22: Belt and wheel performance for typical 
particle by physical properties modelling Ys primary tillage operations. Evaluation by trac- 
soils and soil-tire systems [2.40, 2.41]. tive efficiency and travel reduction (slip) [2.22] 
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2.3 Soil compaction under tires 


2.3.1 Soil compaction phenomena 


Mee Wied aeds eee Te. 
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oe 


Fig. 2.23: Poor plant development (sugar beets) 
Photo Golisch 


due to soil compaction. 


Fig. 2.24: Poor recompaction after tillage, bet- 
ter plant growth in the tracks. Photo Golisch 


0 25 30 73 % Vol. 100 


Fig. 2.25: Structure of agricultural soil, plowed 
in fall, investigated in spring. After W. v. Nitsch 
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Farming requirements. The physical 
soil structure highly influences profitable 
yields. If the soil is compacted too much — 
for example by traffic on the field under 
wet conditions — biological activities are 
poor, affecting plant growing, Fig. 2.23. 


If the soil is too loose, water from deeper 
layers cannot rise due to poor capillary ac- 
tion, Fig. 2.24. 


This can happen when seeding directly 
follows after deep tillage. In this case, 
recompaction is necessary after tillage 
using a soil compactor which also cracks 
larger agglomerations. 


Optimum conditions can be found be- 
tween these two extremes. They are addres- 
sed by the porosity n which is defined as 

Pore volume (gas + water) 


A= “oc pip) 
Total volume i) 


A typical profile is shown in Fig. 2.25. 
This structure is favourable within a depth 
of about 20 cm, but not below. The com- 
pacted layer is typical for plowing (mostly 
with one side of the tractor driving in the 
furrow). It can be abolished by subsoiling. 


Typical values for n are as follows: 


- Just plowed .............c cece e cece ee eees 60 % 
- Plowed in fall, examined in spring .... 
- Optimum for plant growing ..... 43-48 % 
- Recommended: .......... at least 38—40 % 


The low recommended values are valid 
for light sandy soils while the higher ones 
address heavy loamy or clayey soils. 

Evaluation of porosity values should be 


combined with the measured distribution 
of pore sizes [2.42]. 


The load on tires in the field is the first 
item of a typical causal chain: 


Load — soil stress > soil compaction 


Highly compacted soils are often found 
in the field headland sections as evidenced 
by poor water drainage due to high axle 
loads with lifted mounted implements. 
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Many parameters influence soil compac- 
tion; for all its consequences see Table 2.2. 


Table 2.2: Soil compaction 


- concept - type, structure 
- wheel loads from - bulk density, porosity 
- tractor weight, - water content 
- ballast 
- Implement forces 
- number of passes 
- track offset 
- slip 
- speed 
- tires: 
- concept 
- dimensions 
- ply rating 
- inflation pressure 


Soil compaction by 3-di- 
mensional stress state 


Consequences 


- cone index increases 

- porosity decreases 

- bulk density increases 
- tillage energy increases 
- traction increases 

- crop yield can decrease 


© Renius 
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Fig. 2.26: Increase of dry soil bulk density for 
five passes on heavy, wet soil [2.43] 
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High compaction favours traction but can 
reduce yields. Fig. 2.26 shows a typical dry 
bulk density increase and rut depth after 
five passes of the rear tires of a MF 165D 
tractor on a tilled field [2.43]. 


The higher the tractor speed, the lower 
the compaction due to the flow resistance 
of the squeezed gas or water [2.44]. 

Sdhne calculated soil stresses, enhancing 
fundamentals of Frdhlich [2.45]. Fig. 2.27 
reports the influence of water content 
[2.46] and Fig. 2.28 that of the load [2.47], 
both for uniform inflation pressure. 


Uniform load 1650 lbs = 7.34 kN 
Uniform inflation pressure 12 psi = 0.83 bar 
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Fig. 2.27: Sdhne’s “pressure bulbs”: Soil influ- 
ence on soil stress. Calculated lines of constant 
principle (polar) stress under a tractor tire 12.4- 
28 for uniform load and inflation pressure [2.46] 
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Fig. 2.28: Sdhne’s “pressure bulbs”: Influence of tire load at constant inflation pressure [2.47] 
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2.3.2 Soil compaction control 


Soil compaction under tires has been sim- 
ulated by Sdhne [2.47] with a compaction 
cylinder, Fig. 2.29 and Table 2.3. The dom- 
inating parameters are the vertical pres- 
sure and the soil moisture. The example 
with a vertical pressure of 1 kp/em* (14.2 
psi) at 20 % water content shows that the 
soil III is compacted to a porosity of 36 %, 
which means: critical for plant growth! 


Example: Wet soil, 20% H,0, 1kg/cm2 
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Fig. 2.29: Results of soil compaction in a cyl- 
inder with a loaded piston by Sdhne [2.47] 
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Table 2.3: Grain sizes of the soils of Fig. 2.25. 
Particle sizes are classified in ISO 14688:2017 


Coarse Fine Silt Clay 

sand sand 0.02- under 
@1.00-0.20mm | 0.20-0.02mm | 0.002mm | 0.002mm 
Soill 12% 54% 26% 8% 
Soil Il 18% 25% 31% 26% 
Soil Ill 45% 37% 12% 6% 


Soil strength measurement. Several trac- 
tion models as presented in this chapter 
use the cone index CI describing the soil 
strength as derived from the vertical pene- 
tration force and projected area of a de- 
fined solid cone. The standardized ASABE 
soil cone penetrometer [2.48] can be said 
to be the most used instrument, Fig. 2.30. 


Force 
reading 


0.06 in 
(15mm) 
0.505in 
(12.83 mm) 
Conus 
Projected area 322.6 mm2 Aor B 


Fig. 2.30: ASABE penetrometer 


Its operation was initially done by hand. 
A flexible steel ring and its vertical defor- 
mation was a measure for the applied 
penetration force. Handling of today’s sys- 
tems is improved by motor-driven cone pe- 
netration, electronic force measurement, 
and automatic CI calculation. 


The soil cone penetrometer cannot be 
used for soils with a high content of stones. 
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The penetration speed has an influence 
on the penetration force, Fig. 2.31 [2.49]. 
ASABE EP 542 explains practical cone 
penetrometer handling and recommends a 
penetration speed of about 3 cm/s. 

Soil density measurements with the cone 
penetrometer? This has been discussed or 
tried but is not recommended in general as 
the soil strength and thus the cone force 
values are extremely sensitive to the soil 
moisture content, Fig. 2.32 [2.50]. 


The better method of investigating com- 
paction is to cut out soil (core) specimens 
and to determine the reduction of porosity. 

Density can also be measured with X-rays 
as already in 1962 applied by Chancellor 
et al. [2.51]. 


Special sensors have been developed to 
identify soil stress under tires. 


In the case of stress measurement, it is al- 
ways important to define the stress direction. 


Bolling developed a hydrostatic system at 
TU Munich, Fig. 2.33 [2.52]. 


A soil bore is drilled first in order to in- 
sert the sensor without influencing the soil. 

The hydrostatic system is slightly preloa- 
ded to get a perfect contact. The system is 
closed without remaining air. A loaded tire 
can pass above the balloon, the pressure is 
recorded. It indicates an “average” soil 
stress, well proved for comparisons. 


Bolling has estimated absolute stress val- 
ues with correction factors. 


Practical recommendations to prevent 
harmful soil compaction under tires have 
been presented by a guideline of VDI- 
MEG [2.53] addressing soil type, moisture, 
and mean contact pressure, Fig. 2.34. 


Hakanson presented another comprehen- 
sive survey [2.54] and an international 
team developed the free and now popular 
software ““Terranimo” (see IoT). 


Fig. 2.34 (right): Preventing harmful soil com- 
paction following VDI guideline 6101 [2.53] 
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Fig. 2.31: Influence of cone penetration velocity 
on penetration force [2.49] 
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Fig. 2.32: Influence of water content (% of dry 
bulk volume) on cone penetrometer forces as 
measured in a compaction cylinder [2.50] 
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Fig. 2.33: The hydrostatic Bolling Sensor [2.52] 
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2.4 Traction and ground pres- 
sure of belt tracks 


High-power wheel tractors can approach 
limits regarding tire dimensions and space 
to install them. Four-wheel drive has been 
a solution; typically in Europe with differ- 
rent diameters front and rear. In North Amer- 


Solid dry loam soil, moderate belt tension, 
pull force not balanced by front ballast 


Moist soft sand soil, normal belt tension 


Fig. 2.36: Local contact pressures under belt 
drives (full tracks), influence of soil strength 
belt tension, and pull (from [2.53], modified) 
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ica, Australia and other countries, equal 
diameters are popular too, often with duals. 
Tractors with iron track laying systems 
were used in the 1940s and 1950s; for 
example in Russia and China. Their main dis- 
advantage is their poor ability on the road. 


The Caterpillar “Challenger” entered the 
market in 1987, overcoming this handicap 
with rubber belts. The tractor achieved a 
certain worldwide success making rubber 
belts popular in general. 

Research has been done to compare belt 


traction potential and soil stresses with 
four-wheel drives [2.22, 2.55]. 


1,0 
Field: Oats stubble, not cultivated 
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@ 
= 0.6 
5 94) 4 WD, Duals 208-38 
- Tire inflation pressures : 


jon) 
BO 


CAT “Challenger” 
with rubber belts 
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Fig. 2.35: Belt drive versus 4WD [2.55] 
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Fig. 2.35 [2.55] shows results for a typ- 
ical uncultivated stubble field. In most 
cases, the Challenger offers a _ higher 
maximum pull/weight ratio and higher 
tractive efficiency. Practical experience in 
Europe was able to confirm this; however, 
with some concerns in the case of thin 
loose layers on hard surfaces, short heavy 
rains, and fields with sharp stones or slopes. 


Ground pressures, as calculated from 
weight and contact area, are misleading 
[2.56-2.58, 2.53], as there are pressure 
peaks below the track rollers, Fig. 2.36. 


Belt drives develop their benefits mainly 
under very soft soil conditions and high 
belt tensions so that the belt sections be- 
tween the road wheels become carrying. 
Well adjusted ballast is recommended. 
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2.5 Mechanics of a pulling tractor 


A rear-wheel drive tractor is simplified 
to a plane rigid body without acceleration 
in a horizontal operation without slope, but 
with pulling force under angle o, Fig. 2.37. 
The “productive” implement pull force is 


(2.21) 


Calculation of Fy and Fr- needs the 
actual vertical axle loads Fw. and Fy, as 


Fp: cosa = Fy —Fre 


Fr = k,-Fw, and Fre= Pr: Fwe 


It may be noted that p; = /;/7r; (2.22) 


If we assume that Fre is in line with Fy 
(offset neglected), rear axle load from the 
moment equilibrium related to point A is: 


F Fw(e+tp+Fp-cosa-h+Fp-sina(a+b+ff) 
Wr = Se. — 
oie 1; fi fr 
- equation (2.23) 
Using the moment equilibrium at point B: 
EF Fwla-tf,-e)-Fp-cos a-h-Fp-sina (b+f;) 
wf = — er 
a- f + fe 


- equation (2.24) 


The following equation can be recom- 
mended for calculation control: 


(2.25) 


Fp- sina and Fp- cos @ increase the rear 
axle load and decrease the front axle load. 
This is usually favourable in the case of 
rear 2WD, but front ballast can be neces- 
sary for adequate steering safety. 


Fw = Fw + Fwy —Fp- sing 


Rear axle torque can be expressed by 
(2.26) 


The moment arm r, is usually a few per- 
cent less than the rolling radius [2.59]. 


T= (K+) 1) : Fw: ry 


Typical results of 2WD tractor pull me- 
chanics are demonstrated by Fig. 2.38. 

Four-wheel drive can considerably in- 
crease pull and efficiency. Productive im- 
plement pull is equal to 


Fp: cosa = ke- Pwr t+ Ke: Fw (2.27) 
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Notation: 
Index f means front and index r means rear, 
a, b, e, f, h, r and @as shown in the drawing. 
Fp = total implement force 
Fw = tractor weight force with ballast 
Fw. and Fw, = axle loads, when pulling 
Fre= front axle rolling resistance 
Fy = rear axle net traction 
T = rear axle driving torque 


Fig. 2.37: Pulling tractor with rear-wheel drive. 
Term e calculated from static axle loads 
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Travel reduction (slip) 


Fig. 2.38: Performance curves of a 2WD tractor 


With the assumption (A; + O¢) = (K;+ Px) 
(Holm-equation 2.18), the relation of axle 
torques becomes very simple: 


front axle torque _ 


F W,f If 
rear axle torque 


Dio 
Fw, I; \ 
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2.6 Differential mechanics and 
average axle slip 


Axle differential gears allow different 
wheel speeds on the left and right. 


typically about 0.08 - 0.12 


7 local dynamic oil viscosity 
Aq@ difference of angular velocity 
of differential output shafts 
T total axle torque 


Locking ratio S' 
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Fig. 2.39: Natural differential locking ratio [2.61] 


Combined parameters 
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Ideal torque balancing is usually super- 
imposed by friction between rotating 
elements resulting in a certain lock-up, 
which can be addressed by the locking 
ratio S, initially proposed by ZF [2.60]: 


Se Torque difference |left-right| 


= 22 
Sum of torques left and right ee) 


Factors affecting S are viscosity, sliding 
speed, and load, which can be combined to 
a characteristic term similarly to fundamen- 
tals of the journal bearing theory, Fig. 2.39. 

The highest locking effect appears when 
there is no internal sliding. 

Calculating average axle slip is slightly 


complicated. A possible derivation is shown 
in Table 2.4. 


Table 2.4: Calculation of average axle slip in the case of given wheel slips on the left and right 


Notation for a driving axle with different slip values on the left and right: 


- Slip at left wheel 
- Slip at right wheel 
- Circumferential speed left wheel 


- Circumferential speed right wheel 


Vo, left 
Vo, ri ght 


- Forward speed left and right with wheel with slip 


- Tractor speed with slip 
- Tractor speed with zero slip 


Basic equations: 


1. Derived from basic differential mechanics: Voter + Voright = 2 Vo 


2. Slip mechnics left wheel: 
3. Slip mechanics right wheel: 


-V 
Vo 


. . V 
Average axle slip 7, = 2 


V= Votert(1- tien) ——s Voter = 


V= Vo, right (1- right ) —— Vo, right = 


, with equation 1: im 


1- Tier 


l-7 right 


_ Vo,left + Yo, right - 2V 
2Vo 


Equations 2 and 3 introduced, fraction cancelled by v, and some further 


transformations lead to: 


Im = 1- 


2 (l- tier) C1- fright) 
2 - left- lright 


Equation (2.30) 


Example: Heavy plowing after some rain without differential lock: 
Slip right wheel (in a dry furrow) = 10%, left wheel (wet surface) = 30% 
Average slip im = 21.25% (not 20%!) 


2 Tractor mechanics 


2./ All-wheel drive versus 
two-wheel drive 


Driving of both axles (4WD) improves 
off-road traction, traction efficiency, and 
front end loading productivity. It also 
enables larger front tires and 4WD braking 
solutions (chapter 3). In Europe, its break- 
through was from 1975 to 1990. 


Performance of 4WD is sometimes un- 
derestimated in spite of early recognized 
benefits, for example by Séhne [2.21]. 


A paper of the author specified the advan- 
tages through modelling and field measure- 
ments at Deutz tractors, Table 2.5 [2.37]. 
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Pull force at 20% slip was 42.8% higher 
for the 4WD although the additional use of 
vertical axle load for traction was only 25%. 


This disproves the rule of sceptical far- 
mers that the traction gain by 4WD is only 
equal to the additionally used axle load: 


“Hence, buying a larger 2WD tractor for 
the same money” usually makes no sense. 


Reasons for the overproportional pull 
gain and higher tractive efficiency are the 
direct compensation of rolling resistance at 
the front axle and the multi-pass effect at 
the rear axle. Heavy operations of 4WD 
tractors can generate the so-called “power 
hop”. Fundamentals and strategies against 
it are outlined in [2.62]. 


Table 2.5: Four-wheel drive versus two-wheel drive, calculations for heavy pulling off-road [2.37] 


Specifications: Two-wheel drive 


- Nominal engine power 

- Tires front/rear 

- Tractor net weight 

- Total vertical load (ballast) . ..60 kN 

- Vertical load front/rear 20% /80% 

- Travel reduction (slip) 20% 

- Multi-pass effect not relevant 

- Cultivating stubble, average soil moisture 


2WD 
Net traction rear 
F=k- Fy, = 0.4-48 kN = 19.2 kN 


c 
Rolling resistance front 
Fre=Prp Aye = 0-1:12 KN =1.2 KN 
Pull force (horizontal) 
F, = F,,~ Fa p= 19.2-1.2=18 KN 


Rolling resistance rear 
Fry =P, Fy, = 0.1-48 KN 


Tractive efficiency 
ui “p (1-7) 

=. -1 = 

" Fotherthree 


=4.8 kN 


18.0 kN 


-(1-0.2 
24.0 kN ( ) 


= 0.75 - 0.80 = 60.0 % 


Four-wheel drive 


(equations 2.18 and 2.19) 


4WD 
Net traction rear 


F,,= Ky Fy,=0.44-42 KN = 18.5 KN 


Net traction front 


Fr p=K,- Fy = 0.4-18 KN = 7.2 KN 


Pull force (horizontal) 
= Fy ,t Fire = 18.5+7.2 =25.7 KN 


Rolling resistance front 
Fre = Pp Fy = 0.118 KN = 1.8 kN 
Rolling resistance rear 
Far =P, Fy, = 0.06 42 kN =2.5 kN 


r 


Tractive efficiency 
i 
P __.(]-j)= 


es 25.7 kN 
a PotFrethre 


-(1-0.2 
30.0 kN ( 


= 0.857- 0.800 = 68.6 % 
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2.8 High-power traction drives: Alternative systems 


& od Bach dd 


Half-track only rear, Four half-tracks, 
Ackermann steering 


Four half-tracks,. 
Ackermann steering articulated steering 


© Renius 


Full track, final 
drive steering 


3 axles, front and 
rear axle steering 


Fig. 2.40: Five alternatives for high-power tractors including the application of modern belt drives 


Two-axle standard tractors approach li- 
mits at 350-400 kW regarding necessary 
tire sizes and axle loads. Alternative drive 
systems are listed in Fig. 2.40: A suspen- 
ded half-track tractor (concept 1) was 
presented around 1990 as a prototype by 
the National Institute of Agricultural Engi- 
neering (NIAE), Silsoe, with encouraging 
results. Fitted to the rear axle of a 75 kW 
Ford tractor, each rubber belt unit offered a 
contact area of 400 x 1027 mm. Case IH 
and CLAAS recently presented similar 
designs. A tractor of concept 2 was an- 
nounced by John Deere in 2019 while 
design 3 was introduced in series by CASE 
IH in 1996, later similar by John Deere. 


Concepts 1-3 have the advantage that the 
steering structures can remain identical 
with those of wheeled versions while final 
drive gear ratios can be reduced. 


A common disadvantage of track sys- 
tems 1s, in some markets, the limited abil- 
ity for on-road driving and transport. 


50 0¢ 


2WD 4WD Three-axle 
drive 
Typical trac- 
tive efficiency ©2% 69% 73% 
Typical gain 0% 15% 22% & 


Fig. 2.41: Benefits of two or three driving axles 


Most such tractors are able to run at 40 
km/h but top speeds of 50 or even 60 km/h 
are also required, mainly in Europe. 


Another disadvantage is the high fuel con- 
sumption on the road, mainly of full tracks. 


While rolling resistance is pretty low un- 
der field conditions, it is relatively high on 
the road (as compared to wheels). Full tracks 
have in addition to the contact rolling resis- 
tance relatively high losses due to the rub- 
ber track preload and the steering system. 


Full track tractors are, in the author’s 
opinion, machines for high pulling forces 
on soft soils — typically including heavy 
off-road transports; for example, for sugar 
cane, cereals (from combines) or slurry. 


Initial costs are higher per engine hp than 
for 4WD standard tractors. This can pay in 
the case of intensive use; for instance, 
working at least 1000h per year. 


Regarding Europe, tractors with more 
than two axles are studied by Deutz-Fahr 
and Fendt as an alternative as they offer 
excellent on-road qualities, can meet public 
road regulations without problems, and 
may not be more expensive than full track 
concepts at almost the same performance. 


This was the reason that AGCO-Fendt 
developed the TRISIX, a study prototype 
of design type 5 of Fig. 2.40 [2.63, 2.64]. 

Modelling of traction mechanics by the 
author [2.63] had pointed out that a third 
axle increases performance due to the 
multi-pass effect at two axles, Fig. 2.41. 


2 Tractor mechanics 
2.9 Mechanics of overturning 


Working on slopes. Slopes can limit 
tractor missions [2.65-2.68]. Criteria for 
operations on hilly fields are: 


- Tractor steering concept [2.65] 

- Tractor track width 

- Tractor gravity center [2.68] 

- Contact between tires and surface 
(soil type, wheel type, side forces, 
drift angles, high or low traction) 

- Influence of implement masses 

- Working speed and turning radius 


Tractor overturning is a very important 
source of accidents, as indicated by statistics. 
Fig. 2.42 demonstrates the mechanics of 
overturning sideways (without implements) 
with the pivot position P, the gravity center 
of the front axle Sp, and of the tractor S. 


Determination of S: See OECD code 2. 


In the first stage of overturning sideways, 
the front axle remains in contact with the 
ground. Therefore, an auxiliary gravity cen- 
ter S' is calculated (excluding front axle) 
using S and Sra and the connected masses. 
A straight line through P and S' delivers 
the auxiliary point H. Instability exists if 
the force directions of F'y (tractor weight 
minus front axle weight) or of the rear axle 
load Fy., are within the plane PHB. 


Fig 2.43 shows the critical slopes for all 
travel directions of a European standard 
tractor, calculated by Schwanghart. 

The most critical slope angles are found 
for driving directly uphill (90°) and along a 
"contour line" (at 0 and 180°), while all 
downhill directions are less critical. 


Static slope limits are, however, not valid 
for most practical tractor operations, as dy- 
namic effects such as hillside obstacles or 
uneven surfaces can reduce the slope limits 
considerably. As a rough approximation, dy- 
namic slope limits are about 50-60% lower 
than static values, high values for small trac- 
tors due to the poor suspension effects 
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Tractor center of gravity 


oN 
SFA _ 
Front axle Se 


center of \ 
gravity 


Half track width 
Aur plus 1/4 tire width 
Fig. 2.42: Critical state for static sideways over- 
turning of tractors with pivoted front axle 


60 — = 
deg Track Ao 
\ 


© Renius 


180 
Travel direction 


2710 deg 360 


Fig. 2.43: Field slopes as critical for static over- 
turning of a standard tractor, Deutz-Fahr DX 4.70 
(66 kW, 1987), calculated by Schwanghart, based 
on his fundamentals in [2.69] 


of the tires). A reasonable limit can be seen 
at slopes of about 20° (=36%) as already 
mentioned in chapter 2.1. 


For this reason, all lubrication systems 
and hydraulic circuits of a standard tractor 
should be able to handle a permanent trac- 
tor tilt angle of at least 20°. 


In the case of meadows with slopes much 
greater than 20°, special tractors have been 
developed with lower centers of gravity 
and duals realizing about 30°. 

Implements and trailers can further redu- 
ce critical slopes, mainly in the case of 
front loaders 1n up-positions. 
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S must rise, kinetic 
energy decreases 


Kinetic energy 
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— 
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frame corner 


Angular velocity of turning 
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S Center of gravity 


Renius 


© 
(A) Overturning starts 
1 Turning accelerates 


Tires strike the soil 


2 Turning continues 

(C) Safety frame strikes 
the soil 

3 Decelerated over- 
turning velocity 


(D) Rotation has ended 
(Tipping back to a 
stationary state) 


4 Rotation continues 
(very unfavorable!) 


Fig. 2.44: Simplified analysis of sideways overturning of a standard tractor with a safety frame 
ona slope of 1:2.5 (40%) by showing the energy balance in typical phases. Angular velocities 


are shown for a medium sized tractor. 


Overturning backwards can happen 
when driving uphill with heavy pulling and 
a high line of draft; for example, with 
trailers or accelerating with heavy moun- 
ted implements in up position. It is very 
dangerous, as the driver may not be able to 
react fast enough. Calculations can be done 
on the basis of equation (2.24). 

Overturning sideways on a slope in the 
field is complicated to calculate as the trac- 
tor is moving in three dimensions and its 


This frame 
is not acceptable 


Fig. 2.45: Target for safety frame corner 
preventing continuous overturning [2.70] 


Calculation strategy of Schwanghart [2.69] 


impacts with the ground are both elastic 
and plastic. Mathematical models have 
been developed by several authors to simu- 
late this type of overturning [2.65]. 


Experiments have been undertaken by 
Schwanghart at TU Munich under Sdhne to 
investigate the mechanics of overturning 
sideways. The applied strategy was to ob- 
serve the energy balance and dissipations 
(due to ground contact) during the over- 
turning, Fig. 2.44. Kinetic energy increases 
when the center of gravity decreases, and 
vice versa. Mechanical energy is reduced 
by ground contacts due to plastic impacts. 
For related tests, see chapter 6.7. 


It is one important objective of this cal- 
culation to investigate whether the tractor 
rotation is ending (phase 3) or not (phase 4). 
When the rotation continues (4), damage to 
the tractor and risks for the driver increase. 


The result is influenced by the position of 
the edge of the structure, Fig. 2.45. 


Computer programs can plot a target line 
[2.69] and prove whether the rotation ends 
or not (mandatory within the EU for nar- 
row track tractors T2). 
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3. Chassis design 


3.1 Tires and growth limits 


For global requirements, see Table 3.1. 
Tractor tires must be able to perform not 


Table 3.1: Requirements on traction tires 


- To carry required loads on-road and off-road 


- vertical: weight, ballast, implement forces 
- lateral: side forces at steering and on slopes 
- longitudinal: pulling and braking forces 


- To offer high and efficient off-road traction 
- by high net traction ratios 
- by large contact area/low rolling resistance 
- by adequate self cleaning ability 
- by containing fluid ballast if necessary 

- To conserve the agricultural soil 
- by adequate profile and large contact area 
- by enabling low off-road inflation pressures 
- by a uniform contact pressure distribution 


- To offer adequate on-road properties 
- by sufficient load capacity (homologation) 
- by high maximum speed (homologation) 
- by spring and damping (riding comfort) 


- To offer long life, low wear, and low costs 
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Low section tire 
0.75/0.70/0.65/0.60 


Narrow tire Standard tire 
H/B: 0.95 0.80 and 0.85 


Fig. 3.1: European traction tires for off-road 
and on-road (courtesy Trelleborg Wheel Sys- 
tems [3.2]). H section height, B section width 


Fig. 3.2 (left): High-lug 

tires for very soft soils 

and paddy fields. 
Courtesy Trelleborg 
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only off-road but in many countries also 
on-road. International top speeds are often 
28-32 km/h, which is about 20 mph. 

In Europe, top speeds increased after 
World War II from 20 km/h to: 
- 40 km/h as EU standard (EU regulations) 
- 50 km/h as a popular option 
- 60 km/h as an option for large tractors 


Different designs are used: 


- Bias ply tires with inner tube 

- Radial ply tires with inner tube 

- Radials and bias tubeless 

Traction tires (radials) with standard section 
size are coded as follows [3.1]: 


20.8 R 38 145 A6 


| 
| 
| 


Nominal tire 

width (in) 
Radial ply — 
Rim diam.— 
Load index — 
Speed index— 


Code for bias ply tires: 20.8-38 145 A6. 
Code for metric width of radial ply tire: 
520/70 R 38 145 A6 


rT yi yd 
pla | 4d 

a Y x 
SES eo E B 
a6°0Q8 ZU 
Se8s8 5 3 
essa Stuzy 8 
ss 8a5 & B 
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Section code (also “aspect ratio” [3.1]) is 
obtained by dividing section height H by 
section width B, Fig. 3.1. 

Narrow tires are popular for row crop 
operations, height-to-width ratio often 95. 

Standard tires have height-to-width ra- 
tios of 0.80 or 0.85 and are produced in high 
volumes. Example: 18.4R34 (80 hp tractor). 

Low section tires have a height-to-width 
ratio below 0.80 down to 0.60. 

High-lug tires are necessary for very soft 
soils and paddy fields, Fig. 3.2. Their per- 
formance on dry upland is poor. 
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3 Chassis design 


The two basic design principles of trac- 
tion tire carcasses are shown in Fig. 3.3. 

Radial ply tires or “radials” have extra- 
flexible sidewalls enabling a larger soil 
contact area and a slightly more uniform 
transfer of the traction forces to the soil 
and to the rim as well. The benefits are 
lower contact pressure, higher net traction, 
lower rolling resistance and rut depth, 
higher tractive efficiency, and longer ser- 
vice life. Benefits should not be overeva- 
luated. This was the reason that the trac- 
tion ratio « versus slip i was increased in 
Fig. 2.13 by only about 10-12% for off- 
road, as compared with former published 
values for bias ply tires. 


The main disadvantage is the higher price, 
in a second order also a higher vulnerabi- 
lity of the flexible, thin flanks. Neverthe- 
less, radials have become very popular, 
mainly in high-tech markets. 


When traction performance is not in the 
foreground, as for example for narrow tires, 
bias tires can remain sufficient [3.2]. 


Both concepts are available either with 
tubes or tubeless (trend: no tubes). 


Tire load capacities are listed in the tire 
manufacturers’ brochures, Table 3.2 [3.2]. 
They depend on: 


- Carcass design (ply rating) 

- Inflation pressure 

- Maximum working speed 

- Torque load level (only at low pressures) 


“Very high flexion tires” (ECE R 106) 
have a special carcass allowing higher 
loads above 10 km/h; see, for example, the 
Bridgestone VF tire line. 


Popular tires are listed in Table 3.3. 

Sizes with the same SRI can also be clas- 
sified in groups by the “Rolling Circumfe- 
rence Index” RCI. 

Increasing tractor power and weight 
requires larger tires. An increase of width is 
usually cheaper than a larger diameter be- 
cause of both, tire and transmission costs. 
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Fig. 3.3: The two basic carcass designs for 
traction tires: bias ply and radial ply [3.1-3.3]. 


Table 3.2: Maximum loads for tire 600/65R38 
as a function of inflation pressure and maximum 
speed [38.2]. Typical rear tire of a 120 kW tractor 


Inflation bar 0.6 0.8 1.0 1.2 16 2.1 
pressure psi 9 12 14 17 23 += 30 
Max. loads kg. | | | | | 


65 km/h (D) 
50 km/h (B) 
40 km/h (A8) 
30 km/h (A6) 
10 km/h (A2) 
low torque 


10 km/h (A2) 


high torque “speed index SI 


2125 2455 2785 3075 3660 
2230 2575 2925 3230 3845 
2325 2690 3050 3370 4010 
2445 2825 3200 3540 4210 --- 
2890 3335 3785 4185 4980 6225 


2445 2825 3200 3540 4210 


Table 3.3: Selected traction tires (radials) with 
common SRI. Courtesy Trelleborg [3.2]. 


SRI 


= Speed Radius Index = radius for calcula- 


tion of tractor speeds. ETRTO = European Tyre 
and Rim Technical Organisation [3.4] 


SRI Standard 


ETRTO tires 
mm H/B=80-85% 
500 — 12.4R20 
550 — 12.4R24 
600 — 14.9R24 
625 — 16.9R24 
650 — 14.9R28 
675 — 16.9R28 
700 — 16.9R30 
725 — 18.4R30 
750 — 16.9R34 
775 — 18.4R34 
825 — 18.4R38 
825 — 20.8R34 
875 — 20.8R38 
925 — 20.8R42 
975 — 20.8R46 
1025 — 
1125 — 


Wide 
series 


360/70R20 
360/70R24 
420/70R24 
480/70R24 
420/70R28 
480/70R28 
480/70R30 
520/70R30 
480/70R34 
520/70R34 
520/70R38 
580/70R38 
580/70R42 
710/70R42 
710/75R42 


Extra 
large 
series 


420/65R24 
480/65R24 
540/65R24 
480/65R28 
540/65R28 
540/65R30 
540/65R34 
600/65R34 
600/65R38 
710/60R34 
650/65R38 
650/65R42 
900/60R38 
900/60R42 
900/65R46 
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Fig. 3.4: Typical potential of inflation pressure 
reduction at low speeds without capacity losses 


Inflation pressure 
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Fig. 3.5: “Low correct” tire inflation pressure 
for a given tire. Source: [3.6] modified 
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Tire rolling speed 


Damping constant 
_ Damping force 
radial velocity 


an Bias 


High rolling speed 


Tire inflation pressure 


Inflation pressure has 
only minor influence 


Tire rolling speed 


3 Chassis design 


International standards have been de- 
veloped for tractor tires and similar mobile 
machinery: 


- ISO 4223-1 Definitions for pneum. tires 

- ISO 4251-1 Tires (PR rated) and rims 

- ISO 4251-2 Load ratings for bias tires 

- ISO 4251-3 Rims 

- ISO 4251-4 Tire classification code 

- ISO 4251-5 Log skidder tires 

- ISO 7867-1 Metric agric. tires and rims 

- ISO 7867-2 Metric agric. tires, loads 

- ISO 8664 Radials, load index, speed symbol 


ISO standards are replacing more and more 
national standards. Additional directives 
can be important regarding official traffic 
regulations for driving on public roads. 


Improved off-road tire performance is 
possible by reduced tire inflation pressure, 
as specified loads usually increase with 
lower speeds at constant inflation, Fig. 3.4. 


The “low correct” inflation pressure is 
the lowest specified inflation for a given 
speed and tire load [3.5-3.7], Fig. 3.5, 
offering the lowest mean contact pressure. 


Tire dynamics influence 
tractor dynamics. 
Some general trends are 
published in [3.8-3.11] and 
summarized in Fig. 3.6. The 
two far left diagrams address 
stiffness and the right ones 
damping. Inflation pressure 
influences the tire stiffness. 
Radials are less stiff than 
bias (favourable) but offer 
less damping (not favour- 
rable). Damping increases 
off-road (for both types) 
due to additional soil dam- 
ping [3.12]. Aging effects in- 
fluence tire properties [3.11]. 
For more details and refe- 
rences see chapter 6.5. 

Fig. 3.6 (left): Stiffness and 


damping of bias and radial 
ply tires, general trends [3.8] 


Radials 
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3 Chassis design 


The nominal tire loads are a strong limit 
for homologated axle loads of the whole 
tractor influencing basically the maximum 
payload which is important for: 


- Mounted front implements 

- Mounted rear implements 

- Vertical linkage and drawbar loads 

- Container for seeds, fertilizer, chemicals 
- Ballast 


Tractor payload should be 60-80 % of 
the tractor net weight to meet these needs — 
lower values for very large tractors can be 
tolerated (no heavy mounted implements). 


Compliance with the maximum nominal 
tire loads is in many countries a must for 
driving on public roads to meet legal 
limits, but is recommended also for driving 
off-road because of reliability reasons. 


Limits to tire growth result from the fact 
that the tire dimensions must increase over- 
proportionally with tractor dimensions due 
to a similarity law, which was first addres- 
sed by Galileo Galilei (1564-1642) [3.13]. 


The key point is that the enlargement of a 
system by a factor A increases the weight 
by a (in the case of same materials) but 
increases all sections of weight supporting 
elements only by a factor of A”. 


Such a supporting section is the tire-soil 
contact area of a tractor as noted by Séhne 
[3.14] and other experts of terramechanics. 

If the tire dimensions are enlarged by a 
factor A, the contact pressure increases by 
the factor A°/A* = A and this means: 


The tire dimensions must be enlarged by 
a factor of A'” to keep the average contact 
pressure between soil and tire constant. 


The tractor wheel base has been iden- 
tified to be a very good geometrical size 
indicator for studies of this kind [3.15, 
3.16]. Regarding Fig. 3.7, the net weight 
corresponds with an exponent of 2.89 
(theory: 3.0). A similar analysis from 
Rempfer [3.16], based on other tractor mo- 
dels, resulted in an exponent of 3.11. 
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Tractor net weight Fy 


180 200 220 240 260 cm 300 
Tractor wheel base a 


0 
140 160 


Fig. 3.7: Tractor weight versus wheel base [8.15] 


The growth limits can be mitigated by 
tire inflation control systems (Table 2.1). 
Design fundamentals have been presented 
by Rempfer [3.16]. Fendt (AGCO) was the 
first company to offer a factory-installed 
integrated system for tractors (protos 2011, 
series 2013 for Vario 800 and Vario 900 
tractors). 


A practical tire selection should mainly 
consider 


- Tire loads (for maximum tractor weight) 
- Performance (mainly off-road) 

- Soil compaction (off-road) 

- Tractor width limits (public roads) 

- Tractor dimensions (clearances, duals) 


Regarding soil contact power density, the 
following power load index can be useful: 


Nom. PTO KW | 
x(b-D) powered | 

PTO power below 120 kW 

High power, high speeds, high axle loads (bal- 

last), duals at rear axle, low inflation pressures 

where 
b [m] = tire width 
D [m] = tire diameter. 


Based on [3.17, 3.18], the projection b-D 
and the tire load can be used defining a 


kW 


0... 65 a0 


(3.1) 


tire load 


Contact pressure index = (3.2) 


A limit of 0.25 bar (3.6 psi, 2.5 N/cm’) 
can be recommended for soft souls. 


54 


3.2 Chassis concepts 


PTO gearbox 
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Driven front axle 


Fig. 3.8: Typical block chassis of standard trac- 
tors with integrated 4WD 


Integrated oil pan, 
tailored to high steering angles 


Fig. 3.9: Integration of front support and engine 
oil pan, John Deere 5R tractor series 2016. 
Courtesy John Deere 


Diesel eau in silent blocks Light weight CVT, rigidly 
‘ connected with a con- 
ventional rear axle 


Front axle Stiff frame, rigidly connected with rear axle 


Fig. 3.10: *4 frame of the Munich Research Trac- 
tor, presented 25.02.1988 at TU Munich [3.19] 


Diesel engine in silent blocks Conventional 


\ Light weight stiff rear axle 
i gearbox 


Loe bee 


Stiff traverse Da 


Steel frame, profile: 


Large bolts, Hitch 


force fitted 


J 


Fig. 3.11: %4-frame of John Deere series 6000, 
Mannheim, Sept.1992 [8.19] 


3 Chassis design 


General requirements on a tractor 
chassis are: 


- To hold the axles, also suspended 

- Offer high inner steering angles 

- Carry the powertrain 

- Carry high payloads front and rear 

- Be durable & stiff for bending and torque 
- Have low weight and low number of parts 
- Be flexible for modifications 

- Meet relevant standards and regulations 


Payloads for standard tractors should 
be 60-80 % of the tractor net weight, as 
mentioned, high values in the case of 
heavy mounted implements also in front. 


Block design (Fordson F 1917) still do- 
minates for standard tractors, Fig. 3.8. 


High vertical loads in front of the tractor 
(by front ballast and front implements) can 
create high bending moments to be carried 
by the flange which connects the front sup- 
port with the engine. This critical section 
requires proper dimensioning and testing. 
An interesting solution from John Deere 
simplifies the situation by integrating the 
front support with the engine oil pan, see 
Fig. 3.9. Tailoring the oil pan to high steer- 
ing angles gives additional benefits. 


Frame concepts are usually not cheaper 
but can offer interesting advantages: 


- Higher component flexibility 
- Potential for low noise level 
- Lower costs for front hitch/front loader 


The GDR standard tractor ZT 300 had a 
half frame and a soft suspended engine as 
early as 1967. 

The “Munich Research Tractor” was de- 
veloped to investigate the frame benefits 
systematically, Fig. 3.10. One benefit was 
the noise reduction, quantified in chapter 6. 


John Deere introduced a very successful 
similar concept in late 1992, Fig. 3.11. 


Other companies followed with front 
frames for standard tractors allowing sus- 
pended engines; however, not for all their 
models. 


3 Chassis design 


The following important rule for the 
design of frames is recommended: 


A high torsion stiffness needs closed cross 
profiles, Fig. 3.13 [3.20]. 


Regarding half or %4 frames (Fig. 3.10 
and 3.11) cross profiles can be replaced by 
a compact front support and a rigid rear 
axle block. A similar design was success- 
fully developed by Fendt, Fig 3.14. 


Three design directions can be observed: 


- Bolted steel frame (Unimog, CLAAS) 
- Welded steel frame (JCB) 
- Cast iron frame (Fendt) 


| Cross 
profile 


closed 


Torsion torque F-r 


0 2 4 6 8 degree 12 
Torsion angle @ 


95 


Fig. 3.12: Classic block chassis of a 
modern standard tractor, New Holland, 
family T5 (2017) . Courtesy CNH 


Bolted frames offer a high design flexi- 
bility, but they need a high number of parts 
while welding or casting leads to integra- 
tion. Bolted frames are, for example, ap- 
plied to frames of the Unimog, Fig. 3.15. 


A frame allows the soft suspension of the 
diesel engine in silent blocks, reducing bo- 
dy noise. 

A frame may increase the total tractor 
initial costs but reduces interface costs for 
optional front hitch and front end loader. 


Cross 
profile 


Frame concept: 


Main chassis 


beam s 


Fig. 3.13: Influence of cross profile design on frame stiffness under torsion. Two closed cross pro- 
files instead of open ones extremely increase torsion stiffness [3.20] — here by a factor of 30! 
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Fig. 3.14: Half cast iron frame (ductile cast iron GGG4O0) of the Fendt Series 400 Vario, introduced 
1999 (later also used for the 500 Vario). Soft engine suspension. Courtesy AGCO-Fenadt 


Fig. 3.15: Full steel frame of the Unimog UGN 530 (220 kW). 
Closed cross profiles for high torsional stiffness, bolted as usual for 
trucks. Soft engine suspension. As of 2015. Courtesy Daimler AG 


3 Chassis design 


3.3 Chassis dimensions and 
dimensioning 


The two basic chassis dimensions are 


- Wheel base 
- Lowest possible track width 


The wheel base is fixed while the track 
width is usually adjustable; however, with 
a minimum value, dictated by the width of 
the cab, the tires, and the tire clearances. 


ISO 4252 requires an inside cab width of 
900 mm. If we assume small 12.4 inch row 
crop tires, there is room for a lowest track 
width of about 1300 mm. 


A low wheel base results in low turning 
radii and low initial costs while high 
values offer more space for the compo- 
nents and better longitudinal stability. 


Practical values represent a compromise, 
for which Fig. 3.16 may serve as a guide- 
line, representing popular tractor families. 


The dimensioning and testing of the 
chassis structure has to be based on practi- 
cal loads, in the best case on load spectra. 


Critical situations or operations: 


- Driving on uneven roads with heavy 
mounted implements front or/and rear 

- Heavy mounted front implements with 
large center offset to tractor center line 

- Swinging axle arriving at the stopper in 
operations with high front axle loads 

- Very heavy front end loading 

- Driving down from a high rigid platform 
with front mounted implement or ballast 

- Driving with a front wheel against a wall 

- Very high pulling or braking forces 


These cases result in high bending and 
torsion loads, also simultaneously [3.21]. 


High bending moments have been ob- 
served for front end loading in the rear part 
of the structure and for heavy front imple- 
ments or ballast with a critical section at 
the connection between front support and 
diesel engine [3.21], Fig. 3.17 — the reason 
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Fig. 3.16: Wheel base guideline for standard 
tractors with popular tractor families 
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Fig. 3.17: Critical areas of chassis bending 


to apply special, heavy oil pans or frames. 
Tractor loads and moments can be defined 
by three-dimensional coordinates, Fig 3.18. 
The x-axis is sometimes also chosen in 
the opposite direction. 


eS 
yo Pitch) Roll 


Fig. 3.18: Tractor axis system for vehicle me- 
chanics as defined by ISO 8855 and ISO 2631 


3 Chassis design 


39 —— 34kN, dynamic overload factor -3.4! 

kN (but peaks for front end loading would be even higher) 
25 Static axle load 10 kN 

20 


Front axle load 


No road contact! 


“Euhl wil lu ALA {) Atl l yall ll 


a aL AA 


an 


2 _. 
Time 


Fig. 3.19: Vertical front axle load of a small tractor moving at 20 km/h on a moderate country 
road, not asphalted. Rigid front axle. The axle loses contact at 10.7s on the time scale [3.22] 


A rigidly mounted front axle has to carry 
high dynamic overloads, Fig. 3.19 [3.22], 
confirmed by other measurements [3.23]. 
Lower amplitudes occur for tillage [3.24], 
but even higher for front end loading [3.25]. 


Rainflow load cycle counting [3.25- 3.27] 
is needed for chassis load spectra, Fig. 3.20. 
The chassis bending moment has a positive 
algebraic sign as defined by Fig. 3.14. 


Such a representation also enables the read- 
ing of the absolutely highest peak; the red 


marked column: 23 % + 60/2% = 53%. 


High torsional moments are, for example, 
observed with heavy mounted implements 
along with large offsets to tractor center- 
line, on rough terrain or bad roads. 

A typical level for the highest torsion mo- 
ment peak is a value equivalent to rear ax- 
le load multiplied by the largest track 
width (= static side overturning moment). 

Finite elements methods are recommen- 
ded to calculate local stress peaks [3.21]. 


No. of cycles (1000 h) 


Mean moment 


[om] 
2x’ amplitude 


Fig. 3.20: Measured rainflow history of the chassis bending moment in the front part for 1,000h 
of mixed tractor operations, suspended axle. 100% = net tractor weight x wheel base [3.25] 


3 Chassis design 
3.4 Four-wheel drive systems 


4WD was once the term used for articu- 
lated tractors when these tractors had equal 
wheel diameters front and rear. 


This may be one reason why US tractor 
companies introduced the term “MFWD” 
Mechanical Front-Wheel Drive for stan- 
dard tractors. In other countries all tractors 
with an additional front drive are called 
AWD. Its production volume is much 
higher than that of articulated tractors. 
Because of these two reasons the following 
fundamentals concentrate on 4WD systems 
of standard tractors, Fig. 3.21. 


In 4WD mode most of them have a rigid 
connection between rear and front axle 
with a typical front axle lead (= circumfe- 
rential extra speed) of about 1-4 % to im- 
prove steering behaviour (chapter 3.8). 


A lead of, for example, 5 % reduces the 
tractive efficiency off-road by about 1%. 


Type A is a typical first add-on design 
as, for example, introduced in Europe after 
World War II as a factory installed option. 
Extra costs of this first generation were 
high, about 30%. 


Type B is an improvement regarding the 
introduction of final drive planetaries. They 
offer a high reduction ratio (typically 5-8) 
and allow a smaller diameter of the front 
differential (for better ground clearance 
and larger steering angles) and at the same 
time a higher total reduction ratio, reducing 
the drive line torques. 


Type C was an innovation introduced in 
1965 in series by SAME, Italy. 

Such an integration can reduce the addi- 
tional 4WD costs under 20% also enabling 
more space aside of the chassis — used, for 
example, for the fuel tank. Large steering 
angles are also favoured with C. 


Type D seems to be a step back, but be- 
came important within the recent decades 
with the following design advantages: 


Engine —‘ Transmission 


large front 
differential 


Diesel 
engine - 


Central diff. Universal joint 4WD clutch 
Fig. 3.21: 4WD concepts of standard tractors. 


A Typical first optional concept (add-on) 
B Improved concept A with planetaries 
C Integrated prop shaft, center input 

D Integrated prop shaft, offset input 


1. No fixed relation of front axle and rear 
axle center: more freedom for tire selection. 
2. Option 2WD easy to realize. 

3. Slightly higher maximum inner steering 
angle for a given chassis contour and a 
given pendulum angle. 
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Standard planetary Special high reduc- Gantry type axle Gantry axle with Gantry axle with double 


axle (front and rear) tion planetary axle with spur gears 


A universal joint is necessary, best solution: double joint 


double bevel gear bevel gear plus planetary 
—gvjyvHM_TWTNYTSHS HH 


A universal joint is not necessary 


Fig. 3.22: Basic final drives of driven front axles: only one side plotted and differential not shown 


Several final drive concepts are in use for front 
axles, Fig. 3.22. The most popular one is No. 1 
while No. 2 enables higher final drive ratios and 
No. 3 offers more ground clearance, but is more ex- 
pensive. Solutions 4 and 5 are typical for Japanese 
tractors (Yanmar, Kubota from 1976). 


Gearing concept No. | is today the standard ver- 
sion, Fig. 3.23 and 3.24. 


Self locking differential or 
remote controlled locking 


\ 


Plane- 
tary 
gear 


Double universal joint 
Differential 
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Sun 
gear 


Fixed 
ring 
gear 


Wet disc brake - 
(also optional) Crown wheel 


4 
Planetary 


aGchEE Input shaft 


Wheel rim 
Lee 


The differential ratio is, for ex- 
ample, only 3 (ground clearance) 
while it is about 5-8 in the pla- 
netary unit. Three planetary 
gearwheels are popular as they 
center the sun gear automati- 
cally. Four planetaries are some- 
times used for increased power 
density but require much design 
experience (chapter 5.7.4). 


“Natural” differential locking 
ratios (equation 2.29) can be 
increased by friction plates to 
achieve locking values for front 
axles of typically about 45%. 


Fig. 3.23 (left): Structure of a typi- 
cal front axle gearing with outside 
final drive planetaries and inte- 
grated wet disc brakes 


Fig. 3.24: Compact driven front axle with central input shaft and inte- 
grated power steering. Gearing identical with Fig. 3.23. Courtesy ZF 
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3.5 Front axle suspensions 


Hydropneumatic suspensions are com- 
mon for high speeds [3.28-3.32], Fig. 3.25. 

Cylinder 1 carries the vertical tire load by 
hydrostatic pressure; accumulator 2 is pre- 
loaded by hydrogen and hydraulic pressure 
3 via valve 4. Damping by orifices 5 and 6 
can be variable [3.33]. Position sensor 7 
enables feedback to the control box 8. 
Nitrogen determines the spring character- 
ristics [3.31]. The polytrophic exponent is 
more adiabatic than isothermal [3.34, 3.35]. 
Design of suspended axles can be planned 
by Fig. 3.26 and Table 3.4 [3.29] — with a 
marked example. Evaluations are presented 
in [3.29, 3.36]. 
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Fig. 3.25: Hydropneumatic sus- 
pension, see also [3.30] 


Rocker 


wee 
Pivot 
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Rigid axle, lateral 
rocker arm, with pivot 
(Example in Table 3.4) 


Rigid axle, longitudi- 
nal rocker arm, with 
pivot 


Single wheel suspen- 
sion by double wish- 
bone combined with 
a central pivot 


Rigid axle, longitudi- 
nal rocker arm, no 
pivot, Panhard rod 


Rigid axle, no pivof, 
two double longitudi- 
nal rocker arms and 
Panhard rod 
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Single wheel suspen- 
sions by double wish- 
bone linkage, no pivot 


Fig. 3.26: Suspended front axles [3.29] 


Table 3.4: Morphologic box for components of hydro-pneumatic suspended front axles [3.29] 


Design type = ; 
Rigid axle Compound axle Wheel suspension 


without central pivot 


Rocker arm direction longitudinal pushed longitudinal pulled 
Rocker arm linkage linked to one side 


Swinging mode 


by central pivot 


Transfer of lateral by a simple late-| by a stiff longitu-| by a double 
wheel forces ral rocker arm | dinal rocker arm wishbone 


Transfer of longitu- | by asimple longi-| by a stiff later- | by 2 transversal| by a special 
dinal wheel forces | tud. rocker arm | al rocker arm double links rod 


Transfer of no transfer within | by the suspension 
roll moment pendulum clearance springs 


linked to both sides 


by a stabilizer 


rod 


by a Panhard 
rod 


by single 
wheel 
suspension 
linkage 


by stabilizer rod and 


suspension springs 


Transfer of pitch- no transfer within | by pushed longit. rocker} by pulled longit. rocker} by suspension 
ing moment pendulum clearance| arm (brake pitching) | arm (start pitching) | stiffness control 


Blocking of the 
supension 


Level control 


automatically 


by oil hydraulics mechanically 


electro- 
mechanically 


no blocking 


manually no level control 


62 


Sum of circumferential wheel forces, 


normalized by net weight static axle load 


All operations 
without front 
end loading 


0.4 
0.001 


0.01 
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The first factory-installed hydropneu- 
matic single wheel front suspension for a 
produced standard tractor was presented in 
2001 by John Deere (series 8000), Fig. 3.27. 
Fendt followed in 2006 with the Vario 936. 


General design fundamentals for single 
wheel suspensions are published in [3.37]. 


Front axle suspensions and tire inflation 
control systems can help to prevent the so- 
called “power hop” [3.38]. 


Fig. 3.27 (left): Single wheel suspension at front 
axle, J. Deere 8000, 2001. Courtesy J. Deere 


Front axle loads in- 
cluding front end load- 
ing are classified in 
two types: Measured 
tire loads by rainflow 
counting, Fig. 3.28 
[3.25] and axle torques 
by time portions [3.39], 
Fig. 3.29 — both to be 
regarded as guidelines 
or typical examples. 


Fig. 3.28 (above): Rainflow load history 
for vertical front tire loads, suspended 
axle. 100% = static tire load = 12.75 KN. 
All typical operations in Europe for 1000h. 
Front end loading is weighted by 13.5% 
of total time (Suspension blocked). 

Highest peak (the red marked column) 
results in 480% static load. Estimated 
probability 90%. Table of exact cycle 
numbers are documented in [3.25] 


Fig. 3.29 (left): Front axle torque load 
spectrum for “with and without front end 


B 


Front end 


loading only 


0.1 


1 
Cumulative time portions (100% = tractor life) 


loading”, rigid axle [3.39]. Probabilities 
guessed by Renius: For A above 95%, 


for B about 50%. Negative torques not 


10 


% 10 


§ considered (important in case of front 

© end loading). Example for reading (¢): 

0 1% of time indicates all circumferential 
axle wheel forces of 175% and above 
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Importance of Fig. 3.28 and 3.29. Both 
diagrams indicate that the design of a 
driven tractor front axle must consider the 
possibility of a mounted front end loader. 


It is recommended to scale such a dia- 
gram not by forces (or torques) such as N 
or kNm but rather to normalize the loads 
by tractor parameters; in this case, by the 
Static tire load (corresponding with the trac- 
tor net weight) in Fig. 3.28 and the static 
axle load in Fig. 3.29. This principle allows 
the application to other tractor dimensions. 
It must be said that both diagrams result 
from Western European conditions — as 
guidelines. Additional measurements with 
prototypes are always recommended. 


Regarding 4WD clutches for limiting the 
maximum torques (Fig. 3.29), two philo- 
sophies exist: with or without clutch. The 
author recommends torque limiting by a 
wet friction clutch if at all possible. 


Application of Fig. 3.28. The rainflow 
history shows the number of cycles for 
1000 h including all operations — in this 
case again being typical for Europe. The 
“mixture” of operations [3.25] should be 
secured or modified for specific projects. 
The cycle number must be adjusted to the 
expected tractor life, in the case of 10,000 h 
for example by a factor of 10. 


It is recommended to start FEM analysis 
for the structure using the higher peaks — 
with adding high traction or braking forces. 
Cumulative damage calculations are recom- 
mended. They are easy to perform, if S-N 
curves in the load scale are available. 


Load histories like Fig. 3.28 are also very 
useful for accelerated design verifications 
by lab tests. The lower loads are omitted 
(not contributing to damage), achieving con- 
siderable savings of time and test rig costs. 


Application of Fig. 3.29. Load collec- 
tives with time portions are usually applied 
for life calculations of gear wheels and anti- 
friction bearings [3.40]. Rainflow load 
spectra are unsuitable in these cases! 
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The first step is to transfer the sum fre- 
quency (Fig. 3.29) to a class frequency of 
torques. The linear partial damage can now 
be calculated for each class against an S-N 
curve in the torque scale (T-N curve). The 
sum of all the partial damage values is used 
to forecast the expected life (explained 
more in detail in chapter 5). 


Efficiency of driven tractor axles. 

Fig. 3.30 gives a full power survey for 
rear planetary axles with wet brakes [3.41], 
Fig. 3.31 shows a complete efficiency map 
for a driven front axle [3.42]. The values 
are achieved by measuring the idling losses 
(at controlled temperature) and calculating 
the load-related additional losses. 

Recommendations to reduce the idling 
losses (wet brakes!) see [3.41] and [3.42]. 


o> 100 
LE B= eppizes axle (Fendt) 


90 Me Calculation, based on 
dissertation H. Reiter 1990 


oO 
um 


Full power axle efficiency 


3 4 5 678 10 20 km/h 40 
Nominal tractor speed 
Fig. 3.30: Full power efficiency of a planetary 
rear axle with wet brakes. A - “good practice” 
[3.41], B - “fine-tuned design for efficiency” 


Axle input torque 


0 500 1000 ©=1500 2000 min-1 3000 
Axle input speed 
0 5 = «10 5 20 25 30 km/h 40 


Corresponding nominal vehicle speed 


Fig. 3.31: Efficiency map of a front axle with wet 
disc brakes (Fig. 3.23). 9OkW tractor. Oil tempe- 
ratures: differential 50°C, planetary 60°C [3.42] 
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3./ Brakes 


General requirements. Brakes are neces- 
sary to decelerate and to fix the tractor for 
on-road driving and for hillside operations. 
There are usually three groups of brakes: 


1. Service brakes, Table 3.5 
2. Emergency brakes (if service brakes fail) 
3. Parking brakes (only for stop position) 


No. 2 and 3 are often combined. 


Table 3.5: General requirements on service 
brakes and legal requirements within the EU 


- Relevant standards covered for 
- safety 
- public traffic 
- human relations 
- One-side braking (turns) 
- Controlled heat generation 
- within the brake 
- near the brake 
- Protected from water and dust 
- No vibrations and/or screetch 
- Low drag losses 
- Low level of wear 
- Low maintenance 
- Low initial and repair costs 


Delegated regulation (EU) 2015/68 
requires for maximum tractor mass: 


Top speed: |< 30 km/h| >30 km/h 


Factor X of 

equation (3.3) 

Average dece- 

leration, m/s2 

Max. pedal 

force, N 

Max. hand 

force, N 

* for the very right term of equation (3.3) 
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Maximum stopping distance Sj,ax 18 limited 
within the EU using the following equation: 


j4 2 [km?/h?] 
X 


Smax (| =0.15-V [km/h (3.3) 


V is the initial speed. 
Factor X is given by Table 3.5 (EU). 
Rating of performance see Fig. 3.32. 
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EU: >30 km/h 


a 


7 


Stopping distance 
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20 30 km/h 40 
Initial speed 


Fig. 3.32: Stopping distances and EU 2015/68. 
A - 4WD braking, brake with poor adjustment to 
axle load ratio front/rear, B - correct adjustment 


Brakes only at the rear axle are cheap and 
often sufficient for a top speed of 30 km/h. 

4-wheel brakes are needed in Europe for 
(popular) top speeds of 40 and 50 km/h. 
Top speeds above 60 km/h are subjected to 
stronger regulations for emergency cases. 
Typical tractor brake types see Table 3.6. 


Table 3.6: Basic types of tractor brakes [3.19] 


Concept 


Pros 


Lowest initial cost, 
easy to repair, no 
drag losses 


Able to handle very 
high sliding speeds, 


lining easy to replace, 
no drag losses 


Longer life than 
calliper brakes, 
almost no 

drag losses 


Very low wear (life- 
time possible). Resis- 


Cons 


High scattering of bra- 
king torques, sensitive 
to water, dust and mud 
(if not encapsulated) 


Wear from dust and mud, 
wear at lining and disc. 
High temperatures 
(neighboring parts) 


High initial costs, sen- 
sitive to mud (if not en- 
capsulated). Lining often 
difficulf to replace 3 
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Drag losses at higher 
Speeds - needs special 


cas tant against water, | plate clearance, oil with 
vat y dust and mud. adapted specifications, 
Zero maintenance | special know-how 
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Practical brake design should be adjusted Table 3.7: Brake concepts by technology levels 
to technology levels, Table 3.7. 


Actuation of the 


Drum brakes with mechanical actuation logy level] level vice brakes | brakes 


linkage are the classic low-cost concept. 
L 


All types 
Mainly ring | Hydraulic pedal 


disc brake, | force transfer, 
Very high| disc brakes | power-assisted 


Simple mechani- 
They can offer a certain level of comfort cal linkage 


if the inner amplification factor is high. Hydraulic pedal 


This is the case with servo brakes (fric- force transier 
tion force supports inner actuating force). 
But the disadvantage of high inner amplifi- 
cation factors is a high sensitivity of the V 
braking moment to different friction coeffi- 

cients left and right, which can hinder ke- 

eping the tractor on track or creating pro- 
blems meeting regulations. 


some full for large tractors 
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Wet disc brakes have become popular 
during recent decades for levels II-V. o. 
They can be designed for lifespan and fle oie 
maintenance-free. Attention has to be paid AEX 
to oil specifications, heat transport [3.43], ee 
and drag losses at higher speeds. A special 
mechanism for lifting the plates during the 


no-load position can reduce the shear Rear brakes plus calliper brake at the 4WD shaft 
stresses and related power losses [3.41]. 


Brake actuation can be done mostly by Electric 
; Switch for 
pedal forces, but needs hydraulic power as- B hydr valve 


sist for large tractors because of high mas- operation 
ses and comfort issues. In Europe, tractors 
with 60 km/h top speed already use ABS 


systems (hydraulic or pneumatic). 


One-sided braking should be possible for 
sharp turns — automatic re-connection is re- 
quired now within the EU above 40 km/h. 
“Pull-in-turn” also supports sharp turns. 


Solutions for all-wheel braking are ex- 
plained in Fig. 3.33. Configuration A was 
popular in a first phase while B is still used 
because of excellent performance and low 
costs. Both create low initial costs. 


Concept C is expensive and has higher 
shear losses but offers the highest level of 
flexibility — important for the future. 


Fig. 3.33: Concepts for all-wheel braking. In the 
EU, A and B require partial front differential 
locks. B offers excellent performance, C the Brakes for all wheels, usually between differential 
highest flexibility. Costs increase from A to C and planetary input - 2 circuits & ABS possible 
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Emergency and 
parking brake 


Large drum brake or large dry 
calliper brake as service brakes 


Drum brakes 


t | 


W777 
UZ 
B 
Emergency ~~ 
and parking 
BROKE mks Service 
brake 
Drum brake for All types of 
emergencies and service 
parking x brakes 
‘= =I 
IS] LSS} 
C 
Wet disc brake (1 or more plates) 
Tien 
D 


SI SI 
es 


Emergency and parking brake 
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Integration of the brakes in rear axles. 
General customer demands are already men- 
tioned above. A general design rule is to 
put the brakes on shafts with high rota- 
tional speeds in order to keep the torque 
and the brake size low — in favour of low 
costs, Fig. 3.34. 


Concept A has been often realized, for 
example, with the Deutz transmission TW 
50 (1966-81) in very high production num- 
bers for low-cost tractor models. The drum 
brakes are directly connected with the 
driving wheels, while the emergency and 
parking brake is positioned on the faster 
countershaft of the final drive. The disad- 
vantages of drum brakes (Table 3.6) can be 
reduced by dry calliper brakes. 


Concept B was used by ZF decades ago. 
It has high rotational speeds for the brake, 
resulting in small dimensions and costs and 
is well protected from dust, mud, and water. 

It was, however, expensive to replace the 
linings and the dry brakes required proper 
reliable sealing on both sides. 


Concept C is connected with a special 
final drive concept with two sets of spur 
gears. The position at the ends of the 
countershafts of the differential offers the 
possibility of using all types of brakes at 
high rotational speeds and with favourable 
access in the case of repair or replacement. 
This concept was popular in many tractors 
in the US and in Europe in the past but has 
been replaced widely by concept D. 


Concept D can be called the modern stan- 
dard configuration. It was mainly suppor- 
ted by the change from spur gears to plane- 
tary final drives (cheaper, higher reduction 
ratios, more compact). Wet disc brakes are 
common, often by only one plate with very 
large diameters — mostly located near the 
planetary ring gear. 


Fig. 3.34 (left): Four typical concepts of brake 
integration in tractor rear axles. Differential 
locks are used but not shown 
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Performance of the basic brake types 
(Table 3.6) can be characterized by the 
inner amplification factor C* [3.44]: 


Circumferential braking force 


a Inner brake loading force 


(3.4) 
The higher this number, the lower the ac- 
tuating force for a given braking force. 


Disc brakes and drum brakes have differ- 
rent loading mechanisms, Fig. 3.35 and 
thus also different amplification factors, 
Fig. 3.36 (same notification 1, 2, 3, 4, 5). 

Drum brake No.5 has the highest ampli- 
fication C* in this survey, enabling a high 
comfort level. Its disadvantage is the very 
sensitive reaction to variations of friction 
coefficients. This type is therefore not re- 
commended for service brakes but can be 
used well for emergency brakes. 


Disc brakes have a low (linear) value C* 
which is easy to calculate: 
C*=2-U-Z (3.5) 
where 
= coefficient of friction 


z = number of plates (each with 2 surfaces) 


Factor 2 addresses friction on both sides. 
A dry calliper with a typical level of “= 0.4 
has a value of C* = 0.8 — straight line 1. 


Wet disc brakes run in contact with 
transmission oil having very low friction 
coefficients of only about 0.06 to 0.16 de- 
pending on the layer material (high values 
for special organic materials and special 
oils, low values for bio-oils). The low 
friction values can be compensated for by a 
higher number of plates, a larger diameter 
and higher loading forces. 


The effective braking radius r,, is 
2 (8-13) 
SB (Pea Pe) 
where 


r, = outer effective lining radius 
r; = inner effective lining radius 


(3.6) 


Drag torques have been investigated by 
Reiter [3.41]. 
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Direction of ie force 


Fig. 3.35: Basic types of brakes; 1 calliper brake, 
2 multi-disc brake, 3 simplex brake, 4 duplex 
brake, 5 duo-servo drum brake 


* 


Force amplification factor C 


0 
0 01 
Friction coefficient of lining 


02 03 04 05 06 07 


Fig. 3.36: Force amplification factor C* for dif- 
ferent brake types 1-5 as defined in Fig. 3.35. 
No. 4 has lower C* when driven in reverse 
[3.44]. 3, 4, 5 can vary based on design details, 
1, 2 can be increased by special ramps. 


If oil fills the clearance between the 


plates completely and groove influences 
are neglected, the drag torque [3.41] is 


4 4 
(42%) 


where r, andr; are as defined above and 


Tshear =" 1-AO ++ (3.7) 


7 = dynamic oil viscosity 

AQ@= difference in angular velocity 
z = number of shear areas between plates 
h = axial clearance between the plates 


Low temperatures create high shear via 77. 


OD 
ee) 


Calculated from shear stress 
ra=153 mm, ri=126.3 mm, 

0.12 mm plate clearance, a 
completely filled with oll, 
kinematic viscosity 


ematic wscosty_< 
25 me < 


Measured values, 2 
10 different plates c 
0 


o Drag torque, one surface = 8 


0 200 =400 600 


Rotational speed 


1/min 100 


Fig. 3.37: Drag torque. Measured values for 
better comparison normalized on the geometry 
of the calculated plate, done by the ratio of the 
individual geometry factor (7,"- r;°)/4 [3.41] 


Based on equation (3.7), power losses by 
shear increase with A’. However, in or- 
der to save energy and CO2 emissions, the 
design of wet disc brakes calls for low 
idling losses, mainly driving on the road 


Plates in compressed mode 
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with high A@ In order to limit the losses, 
clearance h should be at least 0.2 mm, e. g. 
forced by a retraction mechanism. 


If so, measured values of the drag torque 
are below values for a completely filled 
clearance, Fig. 3.37. A high value of ra/ri 
is also in favour of low idling losses due to 
better conditions for disposing of the oil by 
centrifugal forces [3.41]. 


An additional rule recommends not using 
plain plates because of high adhesion. 


Along with higher tractor speeds above 
40 km/h, wet front axle brakes on the high- 
speed side of the planetary have become 
popular, Fig. 3.38 (take note of the retrac- 
tion by coil springs). This concept can also 
be used for ABS systems [3.45]. 

It is, however, not yet sure which system 
will finally be successful for tractors: ABS 
with hydrostatic brake operation (as used 
for passenger cars) or with pneumatic 
power (as used for trucks). 


, Braking pressure input 
| 


| 


I 


4 planetaries ! 


616 


i 


Fig. 3.38: Modern front axle head of the ZF “TerraSteer” tractor axle family. Courtesy ZF (2016) 
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3.8 Steering systems 


3.8.1 Kinematics and forces 


Some general requirements are listed in 
ISO 10998 including “steer by wire”’. 


“Ackermann” steering [3.46], Fig. 3.39, 
drawing A is the typical design for stan- 
dard tractors. All four wheels should have 
a common static pole of motion to offer 
well-working motion in turns. The mathe- 
matical condition 1s: 


cot d6,— cot 0; = 4 
If the small distance e is neglected, the 


track turning radius Rg can be expressed as 


Rs x VP+( aoa tsy 


The effective outside turning radius is 
larger by about half of the front tire width. 


(3.8) 


(3.9) 


Concept B: All-wheel steering is seldom 
applied to standard tractors, but is inter- 
esting for special vehicles. It offers a lower 
turning radius. All-wheel crabbing steer- 
ing is derived from B, for example, com- 
pensating for hillside drift. 


Concept C: articulated steering is typ- 
ical for narrow track tractors but also for 
very large tractors with equally-sized tires 
(often with duals or even triples). It offers 
multi-pass benefits in turns as well; how- 
ever, it is not suitable for high speeds. 


Concept D: Combined steering (CNH) 
of “articulated” and “Ackermann” results 
in a very low turning radius with reduced 
clearance problems [3.47]. 

Ackermann steering has conflicts with 
4WD if there is no central differential, 
resulting in some disadvantages: 

- Front axle speed deficits in turns 
- Circulating power on the road (wind-up) 

These two problems have led to automat- 
ic disengagements of the 4WD in these two 
cases — not just being ideal. 
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Fig. 3.39: Kinematics of basic steering systems. 
Definitions see also ISO 10998 
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Steering kinematics in turns: An over 
speed demand of the front axle yields from 
the radii Ry , and Ry m (Fig. 3.39) [3.48]: 


1 1 
Rym sin 6j sin Oa 
SS 3.10 
Rh,m 2-cot 6; + 
ee | 


| 
| 
| Gearbox 
| 
| 


Shaft to 
front axle Til al 
Overdrive (turns) an Standard position 


Fig. 3.40: Kubota “Double Speed Turn” front 
axle overdrive, introduced 1986 in Japan 


i 


to 


Rear axle 
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Hydraulic 
motor 


to front axle 
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Fig. 3.41: Small planetary arrangement to con- 
trol the 4WD power distribution front and rear. 
Research prototype at TU Munich 1995 


T 


Fig. 3.42: Planetary arrangement to control the 
4WD power distribution front and rear. Proposal 
of a John Deere study 2016 [3.52] and of ZF 
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A typical value for 6; = 55° is about 1.4, 
which means that the speed input has to be 
increased for such a turn by 40%! 


High over speed demands are slightly re- 
duced at higher speeds when the dynamic 
pole of the motion is moved forward as 
compared to the static pole (Fig. 3.39). 
Disconnecting the front drive automatically 
in turns is used but not ideal. 


A Japanese design works with a one-step 
front axle overdrive in the case of sharp 
turns, first introduced by Kubota in 1986 
[3.49], Fig. 3.40. This solution became 
very popular in Japan. 


An infinitely variable pull-in-turn func- 
tion was first offered for tractors in series 
from 1969 by the hydrostatic “front assist” 
drive of John Deere [3.50] with, however, 
limited success in Europe. 


Research on the pull-in-turn and the wind- 
up problems was done at TUM under the 
author by Grad [3.51] and Brenninger [3.48] 
developing an additional planetary unit 
controlling the 4WD power distribution be- 
tween front and rear axle, Fig. 3.41. 


A small hydraulic motor drives the car- 
rier of a double planetary with variable 
speed producing the right front axle rpm 
under all conditions — manly in sharp turns 
and on-road. The motor power was mostly 
very low, as its torque was only 7.4% of 
the total shaft torque and its speed only 
correcting. Highest power was required in 
sharp turns (high front axle over speed) 
and for front end loading (high torques). 
Control was done by steering angle, speeds, 
and torque distribution. 


The system was integrated into a Fendt 
312 LSA (85 kW) tractor with best results 
but came not in series production [3.38]. 


Another structure for such a “correcting” 
CVT, now with an electric motor, was part 
of a John Deere study [3.52], Fig. 3.42, 
similarly also proposed by ZF. The clutch 
can fix the sun gear for conventional mode. 
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A central differential was applied at the 
Schliiter Super 1500 V with ZF transmis- 
sion T 350 in 1966 [3.53]. 


A similar structure is shown in Fig. 3.43. 
Torque distribution is fixed, but can be 
overridden by the locking clutch. 


An interesting new hydrostatic solution 
was presented by AGCO-Fendt in 2015 
with the new “VarioDrive” of the new 
large 1000 tractor line [3.54]. The front 
axle is driven by one of the two hydrostatic 
motors of the power split configuration. 
Locking of the central differential effect is 
possible, see chapter 5. 


The steering moment at the kingpin is 
very high for stationary steering on dry con- 
crete, increasing with steering angle to a 
maximum value according to the kinema- 
tics, Fig. 3.44, and the tire elasticity [3.55]. 


The kingpin moment is the sum of: 

- the lifting moment Ty 

- the max. turning resistance moment T; 
The lifting moment 7yw is (from [3.56]): 


Tw= Py-e- sin é-cosé- sind (3.11) 
with e and € as defined in Fig.3.44 


and the steering angle din Fig. 3.39 


The dominating part 7; can be calculated 
for dry concrete after Wittren [3.57]: 


T, = F,-f- t+e 


where 
Fw = vertical tire load, f= from Fig. 3.45, 
= polar moment of inertia of tire print area, 
A = tire print area, e = kingpin offset. 


(3.12) 


If the tire print is modelled as a circle with 
diameter b, the model is simplified to 


T, = Fy-f-]2 +e? (3.13) 


A comparison of (3.12) with measure- 
ments [3.58] shows that moderate accura- 
cy can be achieved in the case of realistic 
tire contact width (real load and pressure). 
Additional measurements are recommen- 
ded — for example by metering the hydro- 
static pressure of the power steering. 
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Fig. 3.43: Central differential for a torque por- 
tion of max. about 40% for the front axle 
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=f (6d, E) 
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Fig. 3.44: Front wheel Ackermann geometry. 


Giudeline (4WD, standard track width): y < 2°, 
€=3...8°,4=0...3 (12)°, e=-50... +100 mm 


Effective resistance coefficient f 


0 
0 02 04 06 08 1,0 
Geometry parameter 


Fig. 3.45: Turning of air-inflated rubber tires on 
dry concrete for a stationary tractor. Lifting mo- 
ment not included [3.57] 
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Fig. 3.46: Tractor power steering design A: 
Hydro-mechanical [3.31]. Symbols ISO 1219 


ee NG 


Fig. 3.47: Tractor power steering design B with 


purely hydrostatic actuating system [3.31]. 


Symbols from ISO 1219 
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3 Chassis design 


3.8.2 Power steering 


Power steering has been introduced along 
with increasing tractor power and weights 
for improved comfort with a special focus 
on front end loading and front implements. 


Design principles can be classified by trac- 
tor technology levels, Tables 3.8 and 3.9. 


Table 3.8: Actual power steering design princi- 
ples and technology levels for standard tractors 


Technology Levels 
Only manual 


A Hydro-mechanical 
B Hydrostatic 
C Hydrostatic, automatic functio 


Table 3.9: Power steering designs with relation 
to on-board hydraulics for standard tractors 


On-board hy- 
draulics 


Techno- | Comfort | Power stee- 
logy level] level ring concept 


No power 


one-pump open 
center systems 


Improved open 
center systems 


Closed center 
load sensing 
systems or se- 
parate pumps 


©Renius 


Concept A, Fig. 3.46, is a simple add-on 
with a steering drag link, which is “inter- 
rupted” by the steering valve (1). When the 
driver operates the steering wheel (2), a 
displacement at the valve (1) is created by 
the steering gear (3) which opens the line 
to the steering cylinder (4). Steering action 
is fed back to the valve case (1) so that the 
valve spool position comes back to its 
neutral position, finalizing the oil flow. 


For every position of the steering wheel 
(2), this sequence control enables corres- 
ponding axle angles. The valve needs a 
constant flow, which is delivered by the 
flow control valve (5). The surplus flow 
bypasses the pressure relief valve (6). 


Emergency steering is possible when the 
spool gets in contact with its case. 


3 Chassis design 


Concept B is the most-used for standard 
tractors with 4WD and technology levels 
II/IV/V. It is purely hydrostatic steering 
without any mechanical links, Fig. 3.47. 


The control principle is, however, similar: 
The driver operates the valve (1) in order 
to open the line from the pump via the flow 
control valve to the steering cylinder (2). 
But (on its way) the flow must pass the 
metering unit (3), which moves the valve 
(1) back to its neutral position by the sym- 
bolized connecting linkage. 


The outcome of the hydro-mechanical 
feedback is a sequence control as already 
mentioned for concept A. The valve (1) 
and the metering unit (3) are usually com- 
bined on one axis as the “steering unit’. 


Emergency steering is different to con- 
cept A: The inner part of the steering valve 
is moved against the springs (4), arrives at 
stoppers and moves the outer valve (5) in 
order to drive the metering unit (3) via the 
symbolized connection as a hand pump. 


The pressure relieve valves (6) prevent 
extremely high pressure peaks coming 
from unusually high steering forces; for 
example, when contacting a wall. If they 
open, oil volume deficits can be compen- 
sated by the suction check valves (7). 


The check valves (8) are needed in the 
case of emergency steering for oil suction 
control. Surplus oil flow of the flow con- 
trol valve is not wasted in this case as it is 
used by joining at position (9) the on-board 
hydraulics and, for example, boosting the 
lifting speed of the front end loader. 


Hydraulic on-board systems of technolo- 
gy levels IV and V usually work with load 
sensing (LS) systems, as popular for higher 
tractor power classes with variable dis- 
placement pumps. The steering valve is 
modified for LS mode, now with a con- 
stant pressure drop (automatic control by 
the pump displacement, additional LS 
pipe) [3.31]. A priority valve within the 
high pressure line offers adequate safety. 
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Concept C is based on concept B, but 
extended for automatic steering, Fig. 3.48. 
The add-on contains a proportional valve (1), 
two unlockable check valves (2), a pres- 
sure reducer (3) for low control pressure, 
and an electronic control unit (4). Inputs (5) 
are signals from sensors, from GPS, and 
from ISOBUS. 


Articulated tractors need steering sys- 
tems which require much higher perfor- 
mance: 


The energy of an actuator work output 
for a lock-to-lock turn can be about 3.5 
times higher than for Ackermann steering, 
assuming the same axle loads [3.57]. 


eels 
fe op 


Fig. 3.48: Tractor power steering concept C 
offering automatic steering. The applied prin- 
ciple is based on [8.59]. Symbols ISO 1219 
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Fig. 3.49: Oil flow of a constant displacement 
pump versus engine speed 


Flow sensor 
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Fig. 3.50: Closed loop control of a constant 
oil flow for a power steering hydraulic circuit, 
proposed by the author in 1985 [3.60] 
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Fig. 3.51: Hydro-electric power steering for 
minimized energy consumption [3.31] 


3 Chassis design 


Reducing energy consumption of pow- 
er steering. This has become important for 
all vehicles in order to improve fuel econ- 
omy and to reduce the CO2 footprint. 


The valves of common power steering sys- 
tems (e. g. Pos. 1 in Fig. 3.47) need a suffi- 
cient constant oil flow even when the diesel 
engine is idling. 

If the oil flow is supplied by a fixed dis- 
placement pump, this pump needs a con- 
stant flow valve in addition to the main 
steering valve, as demonstrated by the 
previous figures. For several decades, this 
was the standard solution for many vehi- 
cles. It is cheap, and hence still important 
for tractors of the lower technology levels. 


The flow control valve delivers a con- 
stant flow independent of the engine. As 
the pump must be able to deliver the 
needed oil flow even for an idling engine, 
the displacement must be relatively high. 
This results in an important flow surplus at 
higher speeds, meaning working speeds, 
Fig. 3.49. A high flow rotates in the system 
even during “non-steering” phases creating 
a lot of wasted energy. 


One possibility of reducing the losses is 
to use the surplus flow for the on-board 
hydraulics, as shown in Fig. 3.47 and 3.49. 


A next step could be to combine the steer- 
ing hydraulics with the load-sensing on- 
board system. Even better is a pump with 
an adjustable displacement and automatic 
flow control, Fig. 3.50, proposed by the 
author [3.60] and realized years ago for 
large Schliiter tractors,,. 


As the average net steering power is ex- 
tremely low, a hydro-electrical solution 
was introduced 2007 by Jungheinrich for 
forklift trucks, Fig. 3.51. The electric 
motor (1, variable speed) drives the con- 
stant displacement pump (2) which works 
on the left or right side of the steering 
cylinder (actuator 3). The valves (4) and 
(5) enable the flow back from the low- 
pressure side of the steering cylinder. 


3 Chassis design 


Steering systems for fully-tracked trac- 
tors. The first generations were usually 
equipped with conventional differential 
units and clutches and brakes on both sides 
of the final drive in order to brake left for a 
left turn and right for a right turn while the 
outer side final drive supports the turn by a 
certain overspeeding. This could be sup- 
ported by simultaneously disconnecting a 
clutch on the braking side. 

Such a simple system is no longer accept- 
ed for modern systems of higher techno- 
logy levels, as the steering behaviour is not 
very comfortable and — in addition — dif- 
ferent in response when driving down steep 
slopes. 


This was the reason for developing sys- 
tems which replace the classical differ- 
rential by an active control of the speed 
output left and right by planetary units with 
superimposed speeds. 


The basic principle is shown in Fig. 3.52. 
There is no differential, only a simple 
bevel gearing. The ring gears of the final 
drive planetaries are, however, not fixed, 
but their rotational speed is controlled by a 


Power shift gearbox 
18 forw./9 rev. 


Pump for : 
on-board oars 
hydraulics Poe 


15 


ha 


Gearbox 


@ 


Steering pump Final drive 
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Fig. 3.52: Active hydrostatic differential steering 
system for the drive axle of a tracked vehicle 


small hydrostatic motor and a bevel gear- 
ing unit in both directions. The hydraulic 
motor is driven by a variable oil flow gene- 
rated by a variable displacement pump. 
The main advantage of such a system is 
that the average vehicle speed is not influ- 
enced in turns or when driving downhill. 


This principle was applied to tanks — but 
also to the first agricultural rubber-tracked 
tractor from Caterpillar, Fig. 3.53. The 
bevel gearing was replaced by a system of 
spur gears, also preventing any influence 
on the vehicle speed when turning. 


or 


Steering 


24 motor 
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Fig. 3.53: Differential steering of the rubber-tracked Challenger CH45 1987 (nominal power 178 kW, 
net weight 10t) [8.61]. A similar system was applied for the Fendt 900 Vario MT (2018) 
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3.9 Track width and wheel fixing 


An adjustable track width enables proper 
row crop operations; examples for given row 
spacings are listed in Table 3.10. 


Table 3.10: Recommended track width and tire 
width for some row crops and their typical row 
spacings (distance from row to row center) 


Type of row spa-| Max. tire width| Possible 
row crop cing, cm in. cm | track, mm 
Potatoes, 62.5 

etc. 75 . ; 


Corn (maize) 


1250, 1900 
1500, 2200 
1500, 1600 
2200 


1500, 2200 
1600, 2400 


Sugar beets, 45 1350, 1800 
Vegetables 50 1500, 2000 
12.5,16.6| 9.5-18.4 24- is 


1) permanent lanes kept free of plants @Renius 


i 


Fig. 3.54: Eight properly graded tracks, adjustable by special 


3 Chassis design 


There are several typical designs of 
track width adjustments: 


- Standard rims to be turned: two tracks 
- Rims with brackets, resulting in 
eight tracks, Fig. 3.54 
- Special front axles, Fig. 3.55 
- Infinitely adjustable tracks, see the 
following page, Fig. 3.57 
ISO standard 4004 recommends the 
track widths 1500 — 1800 — 2000 mm, 
each with + 25mm tolerance. 


co cocoeoceoece 


bolted rims which can also be turned. Typical range of tracks: 
From 1524mm (60in.) to about 2200mm (about 90 in.) 


© Renius 


Fig. 3.55: Track adjustment of a non-driven front 
axle (tractor with rear-wheel drive) 


Many farmers do not like to change the 
track width of their tractor(s) and/or other 
machinery often. 


That’s why they like to use a fixed sys- 
tem of tracks for as many operations as 
possible, working for a long time with one 
constant track spacing of their tractors, 
equal with farm machinery and trailers. 

But the variety is necessary to face all 
row distances and track width practices 
which are used worldwide. 


3 Chassis design 


Wheel-to-hub fixing is standardized in 
ISO 5711. Some important measures are 
listed in Fig. 3.56 and Table 3.11. 

A flexible wheel fixing for stub axles 
enables an infinitely variable track adyjust- 
ment (tractor axle lifted), Fig. 3.57. 

Controlled traffic [3.62-3.65] reduces soil 
compaction or even prevents it, Fig. 3.58. 
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Fig. 3.56: Flat attachment type of wheel-to-hub 
fixing, measures recommended by ISO 5711 


Fig. 3.57 (right): Infinitely variable track width 
of stub axles by a “rack and pinion” system. 
Courtesy John Deere 


7/ 


Table 3.11: Dimensions of wheel-to-hub fixing 
in mm as standardized by ISO 5711 


+1 1 +0.5 1) 0 0 
nom | 0 0 min - 0.2 -5 
Ts 140 [17 a6 | 105] 14 | 95.8 | 180° 


6 _| 205 [ar] ter | 255) 18 | 160.8) 250 
ra femelle 


1) For information only All dimensions in mm 


Fig. 3.58: Wide-frame vehicle developed for controlled traffic research by the United States Depart- 


ment of Agriculture, track width 10m, concrete lanes [3.63]. 


Courtesy NSDL, Photo P10, 347a 
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4 Diesel engines 


4.1 Basic function and history 


The name “diesel engine” recognizes its 
inventor Rudolf Diesel (1858-1913) [4.1]. 


His first patent DRP 67 207 was in power 
from Feb. 28, 1892 and documented on 
Feb. 23, 1893 by the German Imperial 
Patent Office Berlin. He presented a first 
running and working prototype in 1897. 


Rudolf Diesel received an honorary doc- 
torate from the “Technische Hochschule 
Miinchen” (today TUM) in 1907 [4.2]. 


The principle of a four-cycle diesel en- 
gine is as follows, Fig. 4.1: 


- Stroke |: Suction or charging of pure air 
- Stroke 2: Air compression, fuel injection 
- Stroke 3: Expansion, working stroke 

- Stroke 4: Exhaust 


This means that ignition is not done by 
spark plugs but by fuel injection into the 
compressed air, which is very hot due to 
the high compression ratio of about 1:16 to 
1:19. This high ratio was initially Diesel’s 
aim, to increase the thermal efficiency. 

He had in mind realizing a thermody- 
namic cycle like Fig. 4.2 with fuel in- 
jection timing just to get a constant pres- 
sure during the burning process. 


Compression and expansion (Fig. 4.2) 
can be approximated by adiabatic changes: 


pV _ constant (4.1) 


where 

p = actual cylinder pressure 

V = actual volume 

K = average isentropic exponent, about 1.35 

The thermal efficiency of such an ideal 
cycle can be approximated by introducing 
the compression ratio €é = V,/ V2: 


nn =1—-e™* (4.2) 


This means that the thermal efficiency 
increases considerably with the compres- 
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Fig. 4.1: Basic concept of a diesel engine. 
Ignition by injecting fuel under very high pres- 
sure into the highly compressed pure hot air 


sion ratio — one reason for the low specific 
fuel consumption of diesel engines. 


The real world diesel cycle can usually 
be understood as a combination of constant 
pressure and constant volume processes 
(during injection) also being not exactly 
adiabatic [4.3] due to heat losses. The final 
heat and pressure losses at 4—1 can be re- 
duced by turbocharging. 


Heat energy supply by fuel injection 
2 3 


Mechanical energy 


1 - 2 Compression stroke 


5 (adiabatic change) 

0 2 - 3 Fuel injection 

| 3 - 4 Expansion 

G/+ (adiabatic change) 

= og 4 - 1 Exhaust 
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1 
V; Cylinder volume V; 


Fig. 4.2: Ideal working cycle of a diesel engine, 
simplified (air intake stroke neglected). No use 
of exhaust energy (4-1) 
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Turbulence chamber Precombustion chamber 
1953 Borgward & Fiat 


from 1976 used by VW 


1923 Benz-Sendling tractor 
1936 Mercedes car (260 D) 


4 Diesel engines 


Direct injection : 
Common design, in § 
used for GDR tractor ZT 300 many modified versions 


Direct injection 
MAN concept, one license 


Fig. 4.3: Configurations of diesel engine burning chambers: Turbulence chamber, prechamber, 
and direct injection versions. Direct injection now clearly dominates 


Diesel engines were initially not a stan- 
dard power source for tractors (chapter 1.3). 
The first mass-produced tractor generations 
had ignition-fired Otto engines using 
mostly gasoline for warming up and the 
cheaper petroleum (‘‘kerosine’) for the 
working time, see the Fordson F, the John 
Deere Waterloo Boy, and many other 
tractors. 


The new age of diesel engines for vehi- 
cles started with tractors and trucks (not with 
construction machinery or passenger cars): 


Benz-Sendling presented prototypes in 
1922 and a series production of 100 units 
in 1923, using a precombustion chamber 
(MWM, Prosper l’Orange), Fig. 4.3. Its 
nominal fuel consumption was reported to 
be only 212 g/hph (288 g/kWh) [4.4]. 


MAN followed in 1924 with the first direct 
injection engine, first used for trucks [4.5]. 


The status of precombustion chamber en- 
gines was published in 1926 (by Deutz) 
[4.6], the status of the injection technology 
around 1930 by Prosper l’Orange [4.7]. 


A general replacement of ignition-fired 
engines by diesel engines took place for 
tractors and trucks in Europe from about 
1930 — mainly driven by fuel economy (fuel 
was more expensive than in the US). 

The first Mercedes diesel car 260 D, pre- 
sented in 1936, opened the diesel era to 
cars, using the pre-chamber design. 


After World War II, diesel engines estab- 
lished themselves as a general standard for 
tractors in Europe. In most cases, the first 
generation still had pre-chamber heads al- 
though direct injection was already known 
[4.8] — even by R. Diesel [4.5]. 


It was mainly its better fuel economy 
driving this change — in Europe for tractors 
and trucks from about 1955 [4.9, 4.10], for 
cars later (Fiat 1988, Audi 1989) [4.5]. 


An important further step was the intro- 
duction of turbochargers [4.11] supplying 
air with a certain over-pressure (about 0.8 
to 3 bar) instead of “natural aspiration”. 


This led to a higher power density and 
better service for working in high altitudes, 
which was one reason to develop charging 
technologies, for example, early for air- 
craft piston engines. 


The first tractor with a turbocharger was 
the Allis-Chalmers D 19 (US), introduced 
in 1961. Many famers were sceptical in the 
first phase (durability?) but were finally 
convinced by the advantages. Other com- 
panies followed; for example, John Deere 
with the 4520 in 1969 [4.12]. 


Further engine developments achieved 
higher power density (turbocharging with 
high pressures and intercoolers), electro- 
nically controlled injection systems, higher 
injection pressures, longer service life, and 
reduced service and emissions. 


4 Diesel engines 
4.2 Global market demands 


Tractor specifications have increased 
considerably in bandwidth of functions and 
engine power over the last decades as 
already outlined in chapter 1.4 for the 
whole tractor. A uniform ‘‘world’’ diesel 
engine would be too expensive for regions 
like India, Africa, Asia, or South America. 
However, some general global engine 
requirements can be listed: 


- Life: B10 (90% probability) of 6000 to 
12000h, increasing with the power level 

- Low specific fuel and oil consumption 

- Torque back-up at least 15% 

- Ability for block or frame tractor chassis 

- Easy to service and repair 

- Easy to replace and to get spare parts 

- Ability to be produced under license 


Typical local conditions can be: 


- Level of regulations 

- Structure and level of agriculture 

- Level of subsidies 

- Level of labour costs 

- Level of education & infrastructure 
- Level of fuel quality & prices 


Resulting specifications are summarized 
by five technology levels in Table 4.1. 
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The strong global competition in produ- 
cing diesel engines requires global design 
approaches in order to achieve cost effec- 
tive platforms for as many technology lev- 
els as possible with local customizing. 


Customizing mainly addresses: 


- Level of brake mean effective pressure 
- Torque back-up 
- Nominal rotational speed and its control 
- Cylinder head (material, 2, 3, or 4 valves) 
- Piston design and piston cooling 
- Automatic valve play control or not 
- Air cleaning system 
- Air charging system, charging pressure 
- Intercooling concept (if used) 
- Fuel injection system 
- 4-cylinder engine: Lanchester drive? 
- Exhaust gas aftertreatment 
- Cooling concept (ambient temperature?) 
- Energy saving auxiliary drives 
- Use of electrics and electronics 
- Cab heating and air conditioning 
- Service intervals 
- Options 
The specific initial costs of a diesel engine 
(per kW) of technology level I are about 
half of those of level IV or V. Production 
of low-level engines in highly developed 
countries is mostly not economic. 


Table 4.1: Global classification of basic diesel engine specifications and specific costs by five 


technology levels (compare with table 1.4). 


Based on [4.13], updated 


Cooling Charging* Injection Valving Aftertreatment Brake mean Cost level 
a iL & | eff. pressure, (per kW) 
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4 Diesel engines 


4.3 Engine performance, fuel economy, and turbocharging 


Table 4.2: Diesel engines for tractors: typi- 
cal specifications. Power “without cooling fan” 


Cylinder displacement | 
Hub to bore ratio 

Rated engine speed 
Rated power per cyl. 


6614 =15 
1.15—1.30 
1700 — 2500 

12-15 (20-40) 
15-35 
200 — 230* 
0.2-0.3 
17-19 (16-18) 
70-85 (120-200) 
6-7.5 (10-22) 

400*— 2500 

500 — 600 


( ) Turbocharged ~* Lowest technology level, low power 


rpm 
ISO-kW 


Torque rise, ISO % 
Lowest specific fuel cons. g/kWh 
Average oil consumption g/kWh 


Compression ratio - 
Ignition peak cyl. pressure —_ bar 
Nominal mean eff. pressure — bar 
Maximum injection pressure bar 
Max. exhaust temperature °C 


Nominal (rated) power P,,, 


p ~absolute (kg/h) 
bh vy specific (g/kWh) 
e 
Tmax Speed drop 


ee fe 
0 40 50 60 70 80 90 100 


% of nominal speed 


Fig. 4.4: Full load performance and fuel con- 
sumption of a tractor diesel engine 
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Fig. 4.5: Typical fuel efficiency map of a very 
efficient diesel engine (model). Definition of the 
power basis: “without cooling fan drive” 


The power output of a diesel engine can 
be expressed by its output torque T and its 
angular output speed a: 


P=T-@ (4.3) 
Or with practical units: 
P[kw]=T [Nm] 22pm] (4.4) 


30,000 


The brake mean effective pressure Pme 18 
the average pressure during the working 
cycle representing the engine power density: 


P{kW] 


bar] = fe LW 
P.,. [bar] = 1200 7 [i-n[rpm 


(4.5) 
where 

P =engine output power 

Vpc = total engine cylinder displacement 


n =engine rotational speed 
1200 = constant value for 4-cycle engines 


For typical specifications see Table 4.2. 


Fig. 4.4 shows diesel engine characteris- 
tics at full load: performance and fuel 
consumption versus engine speed. Some 
large engines offer maximum power even 
slightly below the nominal speed. 


The full load torque at the lowest speed 
should be above the nominal torque to 
allow easily starting up the tractor when 
pulling. This is no problem for natural as- 
piration but a challenge for turbocharged 
engines. A torque rise AT (also “torque 
back-up” or “torque reserve’) 1s required 
in order to prevent a service brakedown in 
case of a torque demand above the nominal 
value. The torque rise is usually defined as 


AT [%] = Imax = Thom -100 


Tj nom 


(4.6) 


The related speed drop should be about 
25-30% for moderate torque rise, slightly 
higher in the case of high torque rise values 
(constant power engines). 


Fig. 4.5 addresses the typical shape of 


the fuel economy of a very efficient mo- 
dern diesel engine. 


4 Diesel engines 


Resonance tubes 
Resonance 


Fig. 4.6: Early adaption of a turbocharger 
with intercooler and resonance system for a 
6-cylinder diesel engine, MAN D 2566 MK 
(11.41, 235 kW, 1979). Courtesy MAN 


Modern diesel engines of the upper tech- 
nology levels are mostly equipped with tur- 
bochargers, Fig. 4.6 and Fig. 4.7. 


The exhaust gas drives a turbine which is 
directly connected to an air compressor. 
Extremely high rotational speeds are ne- 
cessary; for example, 120,000 rpm. 


A high oil flow is needed to center the 
shaft and to cool the journal bearings. Air in- 
tercoolers reduce the temperature increase 
at additional pressures of above 0.8-1.0 bar. 
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Fig. 4.8: Mean effective pressure of three turbo- 
charger designs, full load. Data courtesy Deutz 
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1] Compressed air 


Engine 
\ oil supply 


Fig. 4.7: Typical turbocharger design for a 


diesel engine. Courtesy KKK, modified 


As turbocharger pressures increase pro- 
gressively with their speeds, this can result 
in poor engine torques at low speeds. 

Two strategies are common for a certain 
compensation, Fig. 4.8 [4.14]: 


- Oversize the charger power and bypass 
the surplus at high rpms by a waste gate. 

- Use a charger with variable turbine geo- 
metry (VTG). 


A VTG offers the best torque and fuel 
economy characteristics, Fig. 4.9 [4.14]. 
A double charger can use further potential. 
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Fig. 4.9: Fuel economy of three turbocharger 
designs at full load. Data courtesy Deutz 
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4.4 Examples of mass-produced _eits specifications are listed in Table 4.3 

tractor diesel engines on the following page. The high pressure 
pumps are operated by a special camshaft. 
The high specific power needs a very solid 
design with large diameters of the journal 
bearings at the crankshaft and the piston 


The first example is a 6-cylinder turbo- 
charged Deutz diesel engine with electroni- 
cally controlled common rail injection, 
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Fig, 4.10. (compare with Fig. 4.12 and 4.13). 
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Fig. 4.10: Turbocharged Deutz 
diesel TCD 2013 LO6 4V, used 
for tractors (EUIIIA/Tier 3). 
Modern versions can meet 
EUIV/Tier 4 final and EU V 


Courtesy Deutz 
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Fig. 4.11 illustrates the thermodynamic 
process for the compression and working 
cycle: The turbocharger creates an initial 
intake cylinder pressure of 3.06 bar. This is 
4.06 bar absolute, hence about 4 times 
higher than with natural aspiration which 
explains the high power density. The air 
intake pressure is increased to about 110 
bar by the piston compression and raised to 
160 bar by the ignition due to the fuel 
injection into the hot air beginning at 11 
deg ahead of the upper dead center 
finishing 6 deg after it. These 17 degrees 
correspond to only about 1.3 milliseconds. 


The cylinder pressure decreases during 
the working cycle, until the exhaust valves 
open at about 110 deg crankshaft angle 
(about 70 deg ahead of the bottom dead 
center). The pressure is still high enough to 
drive the turbocharger which at the same 
time reduces the exhaust temperature due 
to the gas expansion. 


co 
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Table 4.3: Specifications of the Deutz diesel 
TCD 2013 L06 4V (EU IIIA). Courtesy Deutz 


Number of cylinders 

Bore and stroke 

Displacement 

Compression ratio 

Valves per cylinder 

Automatic valve play control 
Nominal injection pressure 
Turbocharger with waste gate 
Intercooler for turbocharged air 
Rated power ISO 14396* 

Rated speed 

Rated torque” 

Maximum torque” 

Speed at maximum torque 

Torque rise (back-up)* 

Rated mean effect. pressure* bar 
Lowest fuel consumption*  g/kWh 
Versions for Tier 4 final& EUV - 


*without cooling fan 
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Fig. 4.11: Measured cylinder pressure for the diesel engine Deutz TCD 2013 L06 4V (Fig. 4.10) 


for 238 kW at 2200 rpm (EU IIIA). 


Data courtesy Deutz 
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Fig. 4.12: 4-cylinder diesel engine MWM TD 226-4 with Lanchester balancer and moderate turbo- 
charging pressure. Bore 105 mm, stroke 120 mm, displacement 4.16 |. Rated power up to 70 
kW at 2350 rpm. Put into production around 1990 and, for example, applied to Fendt tractors. 

Lanchester balancers (Fig. 4.19) are often used for tractor block chassis designs in order to re- 
duce chassis vibrations Courtesy MWM 


Former diesel engine designs from highly An interesting example is the MWM 
developed countries can help lower-devel- engine TD 226-4, Fig. 4.12, which was 
oped countries to find design solutions for installed in the Fendt 300 tractor series 
their demands on lower technologies. (and others) for many years [4.15]. 
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Fig. 4.13: 4-cylinder 2.6 | diesel engine of FORCE Motors, India, derived from the Mercedes- 
Benz car diesel engine OM 616. Bore & stroke 90.9 & 100mm. Nominal power 33 kW (45 hp) at 


2200 rpm. Mechanical inline pump, injection pressure 580 bar. 


The diesel engine of Fig. 4.13 is a suc- 
cessful example of a technology transfer 
from Europe to India [4.16]. The Daimler- 
Benz car diesel engine OM 616 (1973-95) 
served as a basis. The main design changes 
with consultancy by AVL List, Austria are: 
Direct injection (replacing pre-chamber), 


Courtesy FORCE Motors Ltd. 


increasing the stroke from 92.4 to 100mm, 
reinforcing the block and designing a new 
cast oil pan (both for a robust block chas- 
sis), reinforcing the crankshaft, and some 
other modifications — all around 1997. 
Typical (welcomed) relicts are the over- 
head camshaft and the plated rocker arms. 
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4.5 Diesel injection systems The mechanism 
for the variable 
Injection rate of 


Mechanical systems with about 300 to 500 ~Y 
inline pumps from 


bar injection pressure and inline or axial piston 
; Bosch is demon- 
pumps have been the standard design for several 


decades. They are still in use for low technology strated by the 
levels, Fig. 4.14. movement of one 


of its pump pis- 
tons, Fig. 4.16. 
The injection 
rate is controlled 
mechanically by 
Leakage indexing the pis- 
a ee — ton by arack and 
pinion system. 


Injection valves of these systems are opened 
by the pressure, Fig. 4.15, needing a precise dis- 
placement control of the pump, Fig. 4.16. 


\\ 


h pressure 
outputs 


SS 


U4 


K, 


Ki 


Filter 


SSS 


CK 


Wl, 


VL 


Y 


SSS 


Inline 
injection 
pump ~~ 


Z 


Fig. 4.14: Mechanical diesel injection system with in- —_ Fig. 4.15: Mechanical injection unit, which 
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Fig. 4.16: Inline pump: Movement of one piston. a fuel inlet at lowest point, b closing of fuel inlet, 
C precompression, d movement for injection, limited by control edge X (rotational piston position 
is given by gear rack position), e movement without load. Courtesy Bosch 


4 Diesel engines 


Injection units 


Fuel tank 


OHH 
Og 


91 
"Common Rail" (steel pipe accumulator) 
S| 
i’ 
Pressure Hs 
sensor 
j Controller 
: 
© 


Charge pump 


High pressure pump 


Symbols ISO 1219 


Fig. 4.17: Structure of a “Common rail” injection system with permanent high rail pressure [4.17] 


Electronically controlled systems with 
injection pressures work with various types 
of piston pumps. “Common rail” systems 
are usual for the higher technology levels. 
Permanent nominal pressures are used up 
to about 2500 bar (2019), Fig. 4.17. 


The fuel is compressed to a reduced vol- 
ume due to the very high pressure level of- 
fering a certain storing effect like an accu- 
mulator, damping the flow discontinuity of 
the injections. Storing is also supported by 
the elastic widening of the pipes and the rail. 


Injection units for common rail systems 
mostly work with electric solenoids pro- 
ducing magnetic pilot forces against 
springs, Fig. 4.18. In the case of no current 
(left), the control orifice is closed by the 
force of the upper spring and the ball type 
poppet. The common rail pressure is pres- 
sing down the piston-needle unit. 


When the solenoid is activated, the magne- 
tic force opens the ball type poppet and 
allows a certain flow through both orifices 
to the tank. This flow creates a pressure drop 
at the fixed orifice, resulting in a reduced 
pressure above the piston-needle unit, 
which is lifted up by the high pressure and 
opens the needle for injection (right). The 
whole injection procedure is completed in 


current "off" current "on" 


Leakage 


Leakage 
-~ 


SS 
e 


N 


Likiisis?es, 


++ 
++ 
LL 


ss 
ry 
+ 
+ + 
t + 


EEZZEZEL 


Sie 
e 
e 
e 
Se | ® 
C) 


© Renius, based on Bosch 
Yre 
g 
Oss 


MAYS 


EXE Q ::“aggg 


7 Kiah High 
UE Ee UE 
Y. , | — ] Z |— 
ae lee 
j Y A~ Piston- ] Lf 

7 AN ee Zi Y 

Zi D 


L 


Fig. 4.18: Injection unit for common rail sys- 

tems: Needle closed, when the current is “off” 

(left). Needle opens by a high current (right). 
Based on graphics of Bosch [4.18] 


about one millisecond. The dynamics can 
be improved even more by an electric 
“piezo” actuator instead of the solenoid 
although its extremely small travel signals 
require a very high travel amplification. 

Piezo actuators are, however, currently not 
applied for tractor diesel engines (2019). 
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4.6 Noise, vibrations, and 
emissions 


Engine noise is generated by mechanical 
contacts and by steep cylinder pressure rise 
gradients. 


Engine noise always increases with the 
rotational engine speed, one reason to limit 
the speed. The following model was used 
for air-cooled Deutz engines [4.19]: 
AL [dB(A)] = 40: log (n2/n;) 
where 

AL - noise level increase 

n, - base of rotational speed 

nz - increased rotational speed 
Example: n2/n, =2500rpm/2050 rpm: 
AL = 3.5 dB(A). 

Vibrations. 4-cylinder in-line engines are 
compensated regarding the first order, as 
two pistons always move in the opposite 
direction [4.3]. The common center of gra- 


(4.7) 


aa 
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Lanchester 
balancer 


Fig. 4.19: Drive scheme of a Lanchester balan- 
cer as used for 4-cylinder diesel engines 


4 Diesel engines 


vity of all piston masses is, however, not 
stable for a complete rotation. It moves 
down a little in the intermediate positions 
between the dead centers due to the geo- 
metry of the crank mechanism. 


The vibrations can be reduced by a 
Lanchester balancer, Fig. 4.19, (after F. W. 
Lanchester, UK, 1868-1946). 


The two imbalanced shafts are driven at 
exactly double the engine speed, rotating in 
opposite directions. Such a system for 4- 
cylinder diesel engines is often applied for 
premium tractors along with block chassis 
designs. 


Diesel engine emissions became a major 
issue when the US government enacted 
Clean Air legislation for the automotive in- 
dustry (1970s), truck industry (1980s), and 
non-road industry in the 1990s [4.20, 4.21]. 


EU limits are now about the same for 
trucks and mobile machinery but slightly 
stricter than for passenger cars [4.22-4.24]. 
Criteria for the exhaust gas emissions are 
established for nitric oxide (NOx), hydro- 
carbon (HC), carbon monoxide (CO), and 
particulate matter (PM), Table 4.4. An EU 
stage V limits the number of particles (PN) 
and enlarges the addressed power spectrum 
below 19 and above 560 kW. 


EU regulations considerably favour en- 
gines with rated power below 56kW. 


Table 4.4: Emission limits for diesel engines of mobile machines (EU regulations [4.22-4.24]) 


Stage] CO | HC | NOx 
EU | g/kWh| g/kWh 


Nom. engine 
power, kW 


130 <P < 560 3.5 


| 2560 | - | - | - | - | - | 35 | 0.19 0.045 
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For tractors, the load level of the standar- 
dized load cycle is above practical values 
(mainly regarding small tractors); however, 
the test definition in g for performed kWh 
widely compensates for the load level. 


Exhaust emissions for tractors (within the 
group of mobile machinery) have been re- 
duced dramatically in the EU (and similarly 
in the US), Fig. 4.20, in only 15 years. 

The reduction of the two most important 
pollutants — NOx and particulates — has 
been above 95% (stage IV). Tremendous 
human and financial investments had been 
undertaken to achieve this result. 


New aftertreatment components were 
developed along with turbocharging, elec- 
tronic injection control, and injection 
pressures up to 2,500 bar, Fig 4.21. The 
treatment accounts for about double the 
total engine initial costs as compared to 
stage I units. Main components are: 


1. EGR — Exhaust Gas Recirculation 

2. DOC — Diesel Oxy Cat 

3. DPF — Diesel Particulate Filter 

4. SCR — Selective Catalytic Reduction 
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Stage | (1999) 


EU exhaust emission limits - NOx + HC g/kWh 


Particulates g/kWh 


Fig. 4.20: Development of EU exhaust emission 
limits for mobile machinery > 56kW ©VDMA 


The NOx reduction with SCR can be ex- 
pressed (simplified) by the formula: 
2NH3+NO+N0O2—> 2N2+3H20 (4.8) 


AdBlue consists of 32.5% urea in water 
for processing NH3 on-board. Optimized 
modern tractor engines need only a few % 
urea in relation to the diesel consumption. 
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Fig. 4.21: 4-cylinder diesel engine with typical exhaust gas aftertreatment components (blue) me- 
eting EU stage IV (US Tier 4 final) and EU stage V. Black bold lines address the basic engine 
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Fig. 4.22: OECD fuel consumption map of the 
Fendt Favorit 822 diesel engine, MAN 6-cyl., 154 
kW at 2,200 rom, ECER 24, 6,871, turbocharged 


1600 1800 
Engine rotational speed 


rpm 2200 


Fig. 4.23: Fuel consumption of Deutz diesel engine 
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4.7 Fuel for diesel engines 


4.7.1 Consumption, tank size 


An adequate tank volume is a func- 
tion of three parameters: 


- Fuel economy of the engine 
- Tractor duty cycle 
- Working time until refuelling 


The fuel economy of a diesel en- 
gine can be evaluated best by maps 
representing the Specific Fuel Con- 
sumption (SFC) in g/kWh. 

Fig. 4.22 reproduces values from 
OECD Test 1532 (Fendt 822, 1994). 
This level is outstanding, but repre- 
sents a period of only moderate emis- 
sion regultations. 


A second map is plotted in Fig. 4.23 
for the Deutz engine of Fig. 4.10. 
Injection timing is configured in order 
to achieve a large area of low fuel con- 
sumption addressing partial loads. 


Engine fuel consumption maps have 
been modelled with satisfying results 
for example in [4.25]. 


Specific tank volumes were ana- 
lyzed in 1990, Fig. 4.24 [4.26]. They 
show an increasing trend versus rated 
power as larger tractors are often used 
more intensively (chapter 1, [1.5]). 


Current specific fuel consumptions 
of diesel engines and actual duty 
cycles of tractors are very similar to 
those of 1990 which still allows using 
the survey diagram of Fig. 4.24 as a 
guideline. 


The log-log net has the advantage 
that individual points of a tractor fam- 
ily with a common tank size are re- 
presented on a straight line. 


Fig. 4.24 (left): Specific tank volumes in 
1990 for 10 Western European tractor 
brands [4.26]. Power acc. ECE R24 
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Specific tank volumes of a European trac- 
tor program of 2016 (excluding narrow 
track tractors) are plotted in Fig. 4.25. 

Such tank volumes can be evaluated by 
calculations for heavy tillage, for example 
with the following parameters: 

- Tractor with 150 kW rated power 

- 12 hours of very heavy work 

- Average use of 80% rated power 

- Specific fuel consumption of 212 g/kWh 

- Diesel fuel density of 0.84 kg/I 

This would result in a fuel consumption of 
0.212 kg/kWh-150kW-0.80-12h=305.3 kg 
= 363.41 fuel = 2.42 | per installed kW. 

The following values are recommended 
for standard tractors in [4.27]: 


- Light duty ............... 1.5 /kW*) 
- Medium duty ............ 2.0 I/kW 
- Heavy duty .............. 2.5 I/kW 


*') Rated power ECE R 24 (defined with fan) 


Burning 1 liter of diesel fuel produces 
as much as 2.7 kg CQ2 [4.24, 4.28]. 

Investigations have been carried out on 
practical fuel consumption and CO2 emis- 
sions for field operations [4.28, 4.29]. 


A fuel economy guideline for engine 
working points is listed in Table 4.5 for an 
evaluation of published test results. 


Duty cycles for an average use over a 
longer period of time can be of interest to 
evaluate average fuel consumption, ave- 
rage emissions, average noise levels, etc. 


The duty cycle of Table 4.6 was used by 
Deutz [4.30, 4.31] to rate the benefits of an 
infinitely variable cooling fan regarding 
average fuel consumption of Deutz tractor 
engines over one year (average power use 
40.2% of rated power). The forecasted fuel 
savings based on this duty cycle could be 
confirmed well by practical fuel consump- 
tion measurements in Germany. 


A calculation of the average fuel consump- 
tion results on this basis in about 100g per 
installed engine kW hour. Small tractors 
may be lower, large ones rather higher. 
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Fig. 4.25: Map of tank volumes of the complete 
AGCO-Fendt tractor line, as of 2016. 
Data courtesy AGCO-Fendt 


Table 4.5: Guideline for excellent tractor fuel eco- 
nomy: SFC 1 and SFC 2 for the engine (stand- 
alone with fan), SFC 3 and SFC 4 for simplified 
measurements at the PTO shaft. Source: Author 


SFC 1 | SFC2 | SFC3 | SFC 4 
Power range | g/kWh | g/kWh | g/kWh | g/kWh 


37-56 kW 
56-75 kW 
75-130 kW 
130-250 kW 
>250 kW 


Definitions: 

SFC 1: Lowest specific fuel consumption — engine 
SFC 2: Full load specific cons. @ rated speed — engine 
SFC 3: Lowest specific fuel consumption — PTO 
SFC 4: Full load specific cons. @ rated speed — PTO 
Assumptions: 

SFC 2 = 1.10 x SFC 1 

SFC 3 = 1.10 x SFC 1 (37-250 kW) 

SFC 3 = 1.08 x SFC 1 (above 250 kW) 

SFC 4 = 1.10 x SFC 2 (37-250 kW) 

SFC 4 = 1.08 x SFC 2 (above 250 kW) 
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Table 4.6: Deutz five-point duty cycle for ave- 
rage tractor use over one year [4.30, 4.31]. 

T - Torque, Tnom - rated torque, n - rot. speed 
T/Tnom| N/Nnom | Tx} Time 
Typical tractor operations 
Heavy pull and PTO ope- 
rations of all kinds 


Moderate field pull, also 
with PTO, field transports 


All typical operations with 
reduced engine speed 


On-the road movements 
at high speeds, low loads 


All portions of idling 
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4.7.2 Diesel fuel specifications 
and altitude corrections 


Classic diesel fuel has been used over a 
long period of time with relatively high 
sulfur content as one typical fraction of 
crude oil [4.32]. Even low concentrations 
of 500 ppm (0.05%) are undesirable: 


- Sulfur burns to SO2, a harmful emission 
- Sulfur disrupts exhaust aftertreatments 


Both items are very important and ini- 
tiated the development of ultra-low sulfur 
diesel (ULSD). It has been legislated for 
non-road engines to enable advanced emis- 
sion control systems, limited to 10 ppm for 
EU and 15 ppm for the USA (Tier 4). 


Table 4.7: Basic specifications of diesel fuel 
from DIN EN 590 (2014). Caloric value per 
liter is 9.7 kWh, creating 2.65 kg of CO2 


Criteria min. max. 

Cetane NUMDbET ...............00ecee eee 51 

Density (15°C), kg/m ............. 820 .... 845 

Sulfur content, mg/kg (=ppm) ................ 10 
(within EU as of 1.1.2009) 

Water content, MQ/KG...........eeeeeeeeeeeeeee 200 

Viscosity, mm/s2 (40°C) ............ 2D xsi 4.5 

Biodiesel VOIUMEtrIC % .......secceeeeeeseeeeeees 7.0 

Manganese content, M/I ..........::.eeeee 2.0 
(within EU from 1.1.2014) 

Filtrability see standardization for “climate zones” 


Power reduction factor 
(amp) 
(oe) 
(emp) 
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ULSD requires additional refining pro- 
cedures and lubricating additives, creating 
additional costs — one reason that ULSD is 
not available in many developing countries. 


Specifications of diesel fuel are standard- 
dized, example see Table 4.7. In addition, 
filterability must be defined. Most engines 
can also burn biodiesel. Pure rapeseed oil 
(DIN 51605) requires modifications, best 
results are achieved under high loads. 


Special conditions. Diesel engines with 
natural aspiration are sensitive to ambient 
air temperatures but much more to high alti- 
tudes [4.33], Fig. 4.26. 


The injection rates must be reduced in 
order to prevent malfunctioning burning, 
which can damage the engine and can 
create a dramatic increase in pollutants, 
mainly of particulates. 


The example of Fig. 4.26 for 3000 m 
height above sea level and 20°C environ- 
mental air temperature requires a reduction 
of the injection rate by 25% to secure pro- 
per burning. The customer must be pre- 
pared for a power reduction of also 25%. 


Such a reduction is usually not necessary 
for tractors with turbocharged engines. 


0.70 
Up to 1000 m only tem- > 
perature consideration 
0.60 
1000 1500 2000 


2500 3000 3500 m 4000 


Altitude above sea level 


Fig. 4.26: Correction factor for diesel engines with natural aspiration: Adjustment of fuel injection 


to ambient temperature and local altitude 


Courtesy Deutz 
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4.8 Diesel engine installation 
and lubrication 


Motorization concept. A complete trac- 
tor line is usually formed by tractor fami- 
lies, as outlined in chapter 1.6. 


Common outer engine dimensions for all 
models within the family save costs. 


Engines with three, four, and six cylin- 
ders are used for tech levels III, [V, and V. 


The best gradation of the nominal engine 
power of neighbouring models should be 
based on a geometrical sequence. This is 
best represented on a logarithmic scale: 
Ratios become distances, Fig. 4.25. 


The 4-cylinder engine was and is the 
most popular one in many countries, grow- 
ing over the decades in rated power by 
increased displacements and mean effec- 
tive pressures. Specific power levels are 
between about 15 and 40 kW per liter 
while typical displacements range from 
about 3 to 6 liters (Table 4.2). 


Power characteristics. They can be mo- 
dified in a wide range — mainly in the case 
of electronic engine control. 


Regarding the nominal power, tractor 
diesel engines usually do not work at their 
potential maximum speeds although the 
specific costs per kW would be lower if 
they did. The main reasons are: 


- Better fuel economy 
- Lower noise level 
- Lower transmission and PTO ratios 
- Higher transmission efficiency 
Another market demand is a solid torque 
rise (also called torque back-up), Fig. 4.27. 
Two reasons can be named: 
- “Suff’ reaction when loads increase 
- Speed range of constant power 
The higher the value, the lower the possi- 
ble nominal power. Some companies offer 


a boost to use the shaded area of Fig. 4.27 
under specific operating conditions. 
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Engine rotational speed 


Fig. 4.27: Higher engine torque rise results in 
lower rated power 


Diesel engine installation needs a lot of 
development steps, mainly for block chas- 
sis concepts, Table 4.8. Temperature con- 
trol under full power and hot ambient air is 
the most important issue [4.33, 4.34]. 


Table 4.8: Activities of diesel engine installation 


- Determine rated engine power and rated speed 

- Determine torque rise and related speed drop 

- Codify power definition (with or without fan) 

- Decide “block chassis” or “engine in silent blocks” 

- Harmonize connection details with transmission 

- Block chassis: Ensure engine block durability 

- Decide air cleaner concept (press. drop <3 kPa), 
observe air speed limits at the bonnet grid 

- Determine required engine cooling capacity 

- Determine other cooling capacities, e. g. EGR 

- Design external cooling package and fan drive 

- Design exhaust system and after-treatment 

- Test exhaust system regarding vibrations 

- Design position and drive of all auxiliaries 
(consider possibility of driving by PTO life shaft) 

- Design fuel (and urea) tank system 

- Install electronics for engine diagnostics 

- Connect engine electronics with tractor CAN bus 

- Optimize air flow and temperature distribution 

- Observe fuel temperature limits 

- Measure and optimize engine noise 

- Secure meeting of emission limits 

- Test complete system under field conditions 
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Engine cooling must be designed to get 
rid of about 30% of the fuel energy for the 
maximum engine power at ambient tempe- 
ratures of up to about 40°C. 


Precise specifications depend on engine 
size, degree of encapsulation, portion of 
engine oil cooling, and local temperatures. 


Fig. 4.28: Cooler-filter package with swing-out 
for maintenance. Courtesy CLAAS 
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Fig. 4.29: Dust concentration zones for dry field 
tillage, guideline. Source: Kutzbach [4.35] 
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Fig. 4.30: Modern engine air filter system with pa- 
per cartridge. Courtesy Donaldson Company 
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The main cooling can be done directly by 
air (famous Deutz engines) or indirectly by 
air via water-based liquids. 


Air cooling is still popular in some very 
specific cases but has disadvantages: 


- Limited power density 
- High specific costs (light metals) 
- Difficult to meet exhaust emission limits 
- Poor ability to heat the cab 
- Large engine width 
- Uncomfortable tone of noise 
Heat transfer in water coolers is support- 
ed by a fan, which can create high parasi- 
tic energy losses during high speeds. 


The following requirements are typical- 
ly for the upper technology levels: 


- High fan efficiency (aerodynamic design) 
- Automatic fan speed control (at part load) 
- Reversible fan speed (cleaning mode) 

- Easy access to cooler package (handling) 
- No recirculation of heated air (efficiency) 


The main cooler is usually combined with 
several others, Fig. 4.28 with a well de- 
signed gradation of the temperature levels. 


Engine air cleaning is necessary for li- 
miting wear mainly for the sliding com- 
bination of piston and cylinder. The dust 
concentration around a tractor during dry 
off-road operation is pretty high, Fig. 4.29. 


Oil bath cleaners were used for many 
decades [4.36], in Europe until about 1970. 
They are very robust and have low main- 
tenance costs; however, they do not work 
as perfectly as paper filter cartridges which 
achieve separation rates of 99.5 to 99.9 %. 


Engine air throughput increases by about 
a power of three on the scale but all areas 
and cross-sections only by a power of two, 
which results in over proportional increased 
openings along with increased power. 


Hence, it is a challenge to develop air 
flow dimensions and filter cartridges with 
tolerable dimensions. The main filter is usu- 
ally combined with a precleaner, Fig. 4.30, 
for example by a cyclone separator. 
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Lubrication and engine oil circuit. The 
central function of engine lubrication is to 
produce an oil film separating sliding ele- 
ments and reducing wear on rigid contacts 
(mixed friction). This would, however, 
need only very small oil flows. 


The second important duty is to carry 
heat away (from friction and burning). This 
requires a much higher flow than for the 
wear reduction. Pumping energy can be 
saved by temperature-adjusted pump dis- 
placement, as already used in some cases. 


Diesel engine lubrication fluids perform 
the following duties: 


- Lubrication by hydrodynamics (viscosity) 
- Minimizing contact wear (additives) 

- Cooling (thermodynamics) 

- Preventing internal corrosion (additives) 

- Internal cleaning (additives) 


Modern diesel engines of the upper tech- 
nology levels require very special oil spe- 
cifications due to: 


- Fuel with extremely low sulfur content 
- Extremely high injection pressures 

- Particulate filters 

- Chemical exhaust aftertreatment 

- Expanded oil change intervals 

A new generation of diesel engine oils 
has been developed, meeting, for example, 
the quality specification API-CJ-4 of the 
“American Petroleum Institute” [4.37]. 

Micro oil filters are a general must, being 
replaced together with the oil (250-600 h) 
or on demand (electronic control). 

Oil viscosity is the basic parameter for lu- 
brication representing the internal resis- 
tance against shear motion. It is extremely 
influenced by temperature, Fig. 4.31. 

The higher the viscosity, the better the 
hydrodynamic load capacity but also the 
higher the energy losses due to shear forces. 


Viscosity is defined in two forms: 


1. Kinematic viscosity v [mm/7/s, m’/s] 
2. Dynamic (absolute) viscosity 7 [Ns/m7] 
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Fig. 4.31: Viscosity of a pure mineral oil (after 
Eckhardt, cited in [3.31]) 


The standard SAE J 300 is in use for kine- 
matic viscosities of IC engines [4.38]. Mod- 
elling of journal bearings and other sliding 
surfaces needs the dynamic (absolute) fluid 
viscosity, first derived by Isaac Newton 
[4.39]. “Newton fluids” develop a linear 
speed between moving plates, Fig. 4.32, 
which is widely the case for engine lubri- 
cation. 


Moving plate, speed v 


\ Fluid speed 
distribution 
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Fixed plate 


Fig. 4.32: Shear speeds of a “Newton” fluid 


The dynamic (absolute) viscosity 7 is the 
“fluid factor” of the fluid shear stress T: 


V 
Ca aa (4.9) 
where vand / are defined in Fig. 4.32. 


The kinematic viscosity v is 


ui 


ver (4.10) 


where / is the mass density of the fluid. 
Viscosity classes for tractor engines are: 
SAE 15W-40/SAE 10W-40/ SAE 5W- 40 
covering the high temperature viscosity of 


SAE 40 and the low temperature viscosity 
of SAE 5W/10W/15W — by additives. 
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4.9 Energy balances and alterna- 
tive powertrain concepts 


Typical total off-road efficiencies from 
diesel fuel to implement draft power are 
about 20-25% — thus moderate. If we as- 
sume an average burning energy of 11.8 
kWh/kg diesel fuel, engine efficiency is 


n = 84.7/b, (4.11) 


where b,= engine consumption in g/kWh. 
Example: b. = 200 g/kWh, 7 = 0.42 = 42%. 
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40% engine efficiency is, for example, 
equivalent to a specific consumption of 
212 g/kWh, which is offered by modern 
diesel engines of the upper technology and 
power levels for engine power loads over 
about 50%, as, for example, realized in 
Fig. 4.22 and 4.23. 

A complete power balance is developed 
on this basis in Fig. 4.33. The highest 
losses can be identified for the ground 
drive and for the hydraulic PTO (value 
80% for LS systems with power beyond). 


Utilization factor A = actually used power / nominal power. Diagram based on A ~ 50...100 % 


Fuel burning power (= nominal power x service factor A) t—H4#H#|» 


Gross engine efficiency ~ 40% (for A ~ 50...100 %) 


Gross engine power P.. 
(without fan) < rou : 


Net engine power P.,, 
(reduced by fan power) 


Transmission input power 


Input power of 
drive transmission 
Nang ¥ 84...87% 
(incl. axles) 


Losses gear-_— 
box + axles 


n= 70...75 % ( stubble)--+--4-4------------ 


nana Front Net power at 
ground drive | Rear wheel hubs 


(rolling resis- 
tance and slip) 


Example: Net power for acceleration ... uphill ... for horizontal pull 


_— Fan drive 

—— Auxiliary units, 
= 5-10% of Py 
Neto © 93% 
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and/or hydraulics 
(up to couplers) 
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Fig. 4.33: Power balance of a tractor with stepped transmission and utilization factor 2 above 0.5, 
driving within a range of nominal speeds of about 5 to 15 km/h and delivering some PTO power. 
Practical A values for a manual transmission and heavy loads are about 0,70-0,85. 
Transmissions with automatic “full power control” can achieve values of about 90-95%. 
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Alternative powertrain concepts have 
been studied since the beginnings. 


It was not clear around 1900 whether the 
internal combustion engine (IC engine) 
would prevail over the battery-powered 
electric motor, which was often more 
reliable. Likewise, steam-powered tractors 
achieved great popularity from about 1890 
to 1920, often featuring better reliability 
than IC engines (mainly in the US). 


Updated steam power engines could 
today offer much better efficiencies than in 
the past owing to higher pressures, higher 
temperatures, and more efficient conden- 
sers [4.40]. They could use almost every 
fuel and produce very low emissions owing 
to the external burning. Steam power 
would allow a vehicle drive-off from stand- 
still without clutches or CVTs, simplify- 
ing the transmissions as compared with 
those of present tractors. Steam power cre- 
ates only very low noise levels. 


The main disadvantages are, however: 


- High degree of technology (costs per kW, 
closed fluid-steam-fluid circuits) 

- Large required space (condenser) 

- Moderate full power efficiencies 

- Moderate dynamics 


Several prototypes have been presented; 
an interesting modern development from 
IAV (Germany) has been published in 
[4.41]; however, without a breakthrough. 


Gas turbines were studied early as pro- 
totypes for road vehicles [4.42]. 


Their main advantages are the extremely 
high power density, continuous burning, 
smooth torque output, excellent durability, 
and low noise level. 


Efficiency is below that of diesel engines; 
they need “more transmission” and are 
much higher in initial costs per kW. 


Direct diesel-electric drives also offer 
some interesting advantages — mainly CVT 
quality. Electric energy transfer to imple- 
ments is considerably superior in efficiency 
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to a hydrostatic power transfer with some 
benefits for auxiliary units as well [4.43]. 


The main disadvantages are, in compari- 
son with hydromechanical power split 
CVTs, higher initial costs, higher weights, 
and slightly lower efficiencies. 


The technologies of electric drives, howe- 
ver, show a positive trend regarding the 
automotive industry. High voltage appli- 
cations (e. g. 700 V) allow new energy-ef- 
ficient solutions. Safety issues have been 
addressed by an ISO standard [4.44]. 


Diesel-electric drives with power split 
could achieve at least the efficiencies of the 
best present hydro-mechanical solutions. 


They promise improved auxiliary drives, 
low noise levels, boost functions and high 
durability. In 2019, John Deere announced 
a first development, but a quick replacement 
of all present CVT designs is not expected. 


Fuel cells offer the highest efficiency to 
turn chemical energy into electricity, mainly 
when using nitrogen, with the advantage of 
zero emissions [4.45]. 

Present problems are 

- Technology not yet reliable for tractors 

- Still expensive 

- Limited storing capacity for hydrogen 

- Availability and costs of nitrogen 

In 2009, CNH presented a study, Fig. 4.34. 


Fig. 4.34: Agricultural tractor with hydrogen fuel 
cell, CNH study, SIMA 2009. Courtesy CNH 
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5 Tractor transmissions 


5.1 Introduction, history, and 
global market demands 
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Fig. 5.1: Typical configuration of a tractor trans- 
mission (“transaxle”), typical example for upper 
technology levels 
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Importance and general functions. The 
transmission with included rear axle, also 
called “transaxle”, Fig. 5.1, is the most im- 
portant tractor component, representing 
about 25—30% of total tractor cost. 


It contains not only the gearbox but also 
the complete rear axle with differential, 
differential lock, rear brakes, power take-off 
system (PTO), auxiliary drives, and the out- 
put gearing and shaft for the front drive. 


The main function is to allow the use of 
as many engine working points as possible 
— in the ideal case all of them infinitely. 


The sub-function is to realize power take- 
off (PTO) interfaces for implements and 
drives of auxiliary components. 


The ideal gearbox offers a continuously 
variable ratio control; see the famous early 
proposal of an internal power split CVT of 
L. Renault (1907) for passenger cars [5.1]. 


An efficient CVT allows the use of every 
engine working point with the absolutely 
best possible fuel economy, Fig. 5.2. 


Several infinitely variable transmissions 
have been built in study units or prototypes 
after World War II. 


The Silsoe Research Tractor with hydro- 
static transmission gained international at- 
tention in 1954, Fig. 5.3 and Table 1.1 [5.2]. 


In 1958, J.I.Case introduced a tractor with 
a hydrodynamic torque converter (with a 
locking clutch) [5.3]. ZF-P.I.V., J. Deere, 
and other companies developed prototypes 
with variable steel chain drives [5.4]. 


In 1988, the Munich Research Tractor was 
presented with a P.I.V. steel chain drive, 
two additional ranges forward and one re- 
verse range (vehicle see chapter 6). 


Fig. 5.3 (left): NIAE Research Tractor with infi- 
nitely variable hydrostatic ground drive, presen- 
ted in 1954 by National Institute of Agricultural 
Engineering, Silsoe, UK [5.2] 
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But no concept could achieve series pro- 
duction. The initial costs would have been 
much higher and the efficiency much lower 
as compared with the level of stepped trans- 
missions within that period. 

Years later, in 1966, the German com- 
pany Eicher, along with the British com- 
pany Dowty, introduced the first hydro- 
static gearbox for a standard tractor [5.4]. 
71 units were produced 1966-72. 


In 1967, International Harvester (USA) pre- 
sented tractors with hydrostatic gearboxes 
from a co-operation with Sundstrand [5.4, 
5.5]. IH sold about 15,000 units (estima- 
ted for all models including industrial ver- 
sions). 

The development now concentrated more 
on stepped transmissions with different 
priorities in Western Europe and the USA. 


IH presented the first Hi-Lo power shift 
in 1954 [5.6, 5.7], Fig. 5.4. The idea was to 
improve both comfort and productivity by 
doubling the conventional speeds with a 
power shifted Hi-Lo unit splitting the 5/1 
speeds into 10/2 by fingertip. When the 
clutch is closed, the unit rotates as a block 
1:1. When the clutch is released, the pla- 
netary carrier speed slows down to be auto- 
matically connected with the housing by 
the free-wheeling. The unit now works like 
a countershaft reduction with a slightly 
lower output speed, to meet, for example, a 
higher implement draft requirement (lower 
speed allows higher axle torque). Similar 
designs from other tractor manufacturers 
followed (see also [5.7]): 


- 1955 Minneapolis Moline “Ampli Torque” 
- 1957 Allis-Chalmers “Power Director” 

- 1962 Massey Ferguson “Multi Power” 

- 1962 Oliver “Hydra Power’ 

- 1963 IH “Torque Amplifier IT” 

- 1967 Deere “L-S transmission” 

- 1967 ZT 300 “ULS” (GDR) 

- 1969 Ford “Dual Power” and others. 


Highest production numbers are known 
from IH, John Deere, Ford, and MF. 
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Fig. 5.4: IH “Torque Amplifier” of 1954, the first 
Hi-Lo power shift for tractors [5.6, 5.7] 
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Yaw type free-wheeling 


Fig. 5.5: Massey Ferguson “Multi Power’, pre- 
sented in 1961, in series in 1962 (MF 65) [5.8] 


MEF used a countershaft design with an 
axial overrunning clutch, Fig. 5.5 [5.7, 5.8]. 


Early versions with more than two power 
shifted speeds (in brackets) were: 


- 1958 Ford “Select-O-Speed” (10/2) [5.9, 5.10] 
- 1963 J. Deere “Power Shift” (8/4) [5.11] 

- 1968 Oliver “Over-Under’” (3) [5.12] 

- 1970 Case “Agri King” (3/1) [5.13] 

- 1971 David Brown “Hydra Shift’(4) [5.14] 
- 1975 Allis-Chalmers (3 or 6) [5.15] 

- 1976 Massey Ferguson (3) [5.16] 

- 1978 Deutz DX 230 - ZF T6600 (3/1) [5.17] 


About 500 units of the ZF T 6600 were 
produced; however, a breakthrough of par- 
tial power shifts started in Western Europe 
only in 1989 with the 4-speed power shift 
of the Case IH “Maxxum” (4/4), followed 
in 1991 by Ford (4) and Renault (3), in 
1992 by John Deere (4) and MF-Gima (4), 
in 1993 by Fendt-ZF (4), in 1995 by Deutz- 
ZF (3, 4), in 2005 by MF-Gima (6), and in 
2006 by CLAAS-Gima (6). 
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The Ford “Select-O-Speed” worked with 
three planetary sets for 10/2 speeds for- 
ward/reverse, Fig. 5.6 [5.9]. It had a direct 
simple shift valve while John Deere used a 
pilot valve system in its 8/4 “Power Shift” 
(1963, chapter 1.3). The variety of trans- 
mission functions and power levels has in- 
creased over the last decades, hence the 
author proposed in 1999 a classification of 
global transmission specifications by tech- 
nology levels, Table 5.1 ({5.20] updated). 


The success of John Deere’s Power Shift 
led to its enhancement in 1982 to a 15/4 
version [5.17, 5.18]. Other companies fol- 
lowed, for example, Case [H with a 18/2 
full power shift (1987 for Magnum) [5.19]. 


The challenge of developing new trans- 
mission systems globally is to cover the 
very large variety of demanded functions 
by a limited number of components and 
parts. This requires outstanding profes- 
sional long-term product planning. 


Table 5.1: Worldwide demanded tractor transmission specifications by five technology levels [5.20] 


Speeds, km/h | No. of speeds 
forward rev.| forw. | rev. 
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5 Tractor transmissions 


Tractors of technology levels HI/IV/V 
(Table 5.1) can be considered to be the 
most important section in sales. 

At the same time, their specifications 
are more detailed than those for I and II. 


For these reasons, general market de- 
mands for tractor transmissions of tech- 
nology levels III/IV/V are specified in 
Table 5.2. 


The speed concept of a tractor trans- 
mission has to meet practical require- 
ments of the local market. They can 
differ from area to area. A range from 
2.5 to 30 km/h is, for example, not suf- 
ficient for Western Europe for technolo- 
gy levels IN/IV/V, but may be accepted 
in some other markets. Table 5.3 gives 
a guideline for typical agricultural 
speeds from a Western European view. 


A general rule is that the speed level 
used increases with the tractor power. 


The lowest speed is, for example, re- 
quired for very slow urban operations 
with PTO and for planting by hand (e. g. 
200 m/h with reduced engine speed). 


Table 5.3: Typical working speeds of stan- 
dard tractors defined for rated engine speed 


Heavy sub soiling 
Power tilling (PTO) 
Plowing 

Heavy cultivating 
Shallow cultivating 


Spreading of manure (PTO) 

... of mineral fertilizer (PTO) 

Urban operations 

Planting by hand (vegetables) .....0.4—1 
Potato planting (PTO) 

Sowing (PTO) 

Spraying (PTO) 

Mechanical weeding 


Mowing (PTO, rotary type) 
Pick-up pressing (PTO) 

Front end loading forward 
Front end loading reverse 
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Transports 10-30, 40 (50, 60) 
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Table 5.2: Market demands for stepped tractor 
transmissions of technology levels Ill and IV 


1 Forward speeds 

- Nominal speeds according to market level; min. 
(2) 2.5-30 km/h, maximum (0.4) 2—40 (50, 60) km/h 

- Ratio of neighboring speeds 1.16...1.22 for main 
working range (4...12 km/h). Higher ratios below 
4km/h and above 12 km/h tolerated 

2 Reverse speeds 

- Bandwidth nom. speeds min. (2) 3...15(20) km/h 

- Ratio of neighboring speeds 1.2...1.3, low values 
in the case of important field reverse operations 

- Reverse speeds corresponding to forw. speeds 

3 Speed shift 

- Shiftability: Safe, fast, comfortable, precise 

- Low number of levers, low shift forces, adequate 
lever positions and shift travels, shift pattern 
easy to understand. Partial power shift 

- Onroad: "One-lever-shift" possible for starting 
with a gear below 10km/h rated speed 

- Comfortable shifting forward-reverse ("shuttle") 


4 Pedals: Adequate pedal forces (clutch, brakes) 


5 Rear power take-off (chapter 5.4) 

- PTO type 1 (ISO 500): 540 rpm at about 90% 
rated eng. speed (relation not standardized) 

- PTO type 2 or 3 (ISO 500):1000 rpm at 95-100% 
rated engine speed (relation not std.), shiftable 
from one shaft type or with easy shaft change; 

- Many markets require additional eco speeds: 
e.g. 750 and 1250 rpm to run 540 and 1000 rpm 
at lower engine speed 

- PTO type 3 (ISO 500): 1000 rpm for high power 

- PTO type 4 (ISO 500): 1300 rpm for very high 
power with larger shaft diameter 

- PTO rpm proportional to travel speed (as seldom 
option): often 3—9 rotations per 1m travel distance 


6 Auxiliary drives should be possible, usually 
offered by access to the PTO life shaft 

7 Rear axle 

- Adequate clearance and track (chapter 3) 

- Differential lock, easy to disconnect 

- Brakes meeting traffic regulations (chapter 3) 


8 Durability, repairs, maintenance, efficiency 

- Transmission B10 life: 8,000...10,000...12,000h, 
(increases with tractor power) 

- Oil circuit by transmission oil pump with filter 

- Spare parts: Low demand (lifetime brakes) 

- Maintenance demands as low as possible: Oil 
change intervals above 2000), filter replace- 
ment on request (pressure drop gauge) 

- Total transmission efficiency (input shaft to 
wheels) at least 85 % at 50-100 % load for nom- 

inal speeds of 5-15 km/h, not much decreas- 
ing at higher speeds. 
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5.2 Speed configuration for 
stepped transmissions 


Practical speeds (Table 5.3) must be 
weighted by time portions in order to de- 
cide priorities of the planned transmission 
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Fig. 5.7: Average distribution of tractor speeds. 
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Fig. 5.8: Estimated average accumulated time 
portions of tractor speeds for three typical cases: 
a - Western Europe, values from Fig. 5.7 

b - Mainly very heavy tillage, no transports 

c - Low power, heavy tillage, transports important 
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speeds. Unfortunately, the demanded speeds 
vary not only from market to market but 
also from farm to farm. 


Fundamentals are therefore only possible 
as a very rough guideline. Fig. 5.7 shows 
an estimate of the average use of tractor 
speeds in Western Europe. This is an up- 
date of [5.21] as the speeds have mean- 
while slightly increased. 


The larger the tractor, the lower the spe- 
cific mass (kg/kW) and the higher the 
speeds used for efficient traction. For this 
reason the distribution may be shifted again 
for standard wheel tractors 0.5-1.0 km/h to 
the right for about 200—250kW and 1.0km/h 
for above 300kW rated power. 


Other markets can deviate, Fig. 5.8. 
Case a is identical with Fig. 5.7. 


Case b is typical for tractors which are 
mainly used for heavy tillage of dry soils. 


Case c 1s typical for many developing 
countries such as India and those in Africa. 


A first speed concept uses a geometric 
series with the ratio C of neighboring speeds: 


Xl Vmax 
eee 
where x is the given number of speeds, Vipin the 
lowest given speed and V,,,x the given top speed. 
Example: Speed bandwidth 0.5—32 km/h, 
16 speeds, calculated step ratio = 1.32. 
This value is too high within the main work- 
ing range of a tech level III transmission. It 


demands a speed concentration within 4—12 
km/h [5.22], Table 5.4, or more speeds. 


(5.1) 


Table 5.4: Example of a target for a transmission with 16 speeds for technology level Ill. Given 
range: nominal speeds 0.5—32 km/h. Concentration of speeds within the 4—12 km/h range 


Reduced engine speeds allow 
creeper speeds from 200 m/h 


Urban services, planting, weeding Rotary tillage 


05,07 ,10,14, 22, 3,1, 4 
1.40 1.43 1.40 


Heavy PTO 
operations 


Traction limits allow low engine speeds 


1.57 1.41 1.29 1.25 1.20 1.17 1.19 1.20 1.25 
Main working range, low ratios! 


Heavy pull Seeding, spraying, : 

off-road fertilizing, mowing © 
Light PTO works — Field and road transportation 
6,7 ,83, 10 ,12.5, 17 , 24 ,32kmh 


1.36 1.41 1.33 Ratio 
High market influences 
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Rule of thumb: 3-4-5-6-7-8.3-10km/h. 


A speed concentration within the main work- 
ing range can save gear wheels, causing ad- 
ditional savings of shaft length, oil quanti- 
ties, case weights, etc. — in the end, money. 

The disadvantage of this philosophy is 
that a doubling (splitting) of the whole 
speed pattern does not automatically result 
in even more well-balanced speeds (as can 
be in the case of a geometric gradation). 


Representation of tractor performance 
for a given transmission layout should use 
a double logarithmic scale, Fig. 5.9. 


The benefits are: 


- Points of nominal power on a straight line 
- All performance curves have the same size 
- Step ratios are represented by distances 


The tractor speed V 1s: 


y [km/h] = 0.377-r [m]- 


where 


new PM) (5 9 
total 
r = effective tire radius [m] 
Neng = rot. engine speed [rpm] 
l total = OVerall reduction ratio 
= engine speed/rear tire speed 
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Hyperbola: Rated engine power 
minus transm. power losses 


J LLLLLiLL2 Veaction limit 
on concrete 


Traction 
limit off-road 
"heavy duty’ 


Performance 


Similar to engine 
torque characteristic 


Circumfer. wheel forces & Fy, log 


Tractor speed, log scale 


Fig. 5.9: Tractor performance for transmission 
speeds, excellent overview by log-log scaling 


Symbols for transmission elements can 
help to develop, understand, discuss, and 
document transmission functions including 
homologation documents. 


The symbols of Table 5.5 were original- 
ly proposed in 1968 in [5.7] since then ha- 
ving been used for all transmissions pre- 
sented by the author, and used in university 
lectures, seminars, and homologation docu- 
ments as well. They have been well proven 
over more than 50 years and are applied to 
all transmission maps of this book. 


Table 5.5: Symbols for transmission structures, Renius 1968 [5.7], proved in more than 50 years 


Tet tt 


Int.comb. Fluid 


engine coupling clutch 


Et 


Full surface Full im mul- 


Drum 
brake 


cal 
brake 


Calliper 
brake 


Master Master clutch Multiple 
+ PTO clutch disc clutch sliding gear 


1-disc brake 


Iiga 


Collar 
shift 


Shift by Synchronized 


shift 


blocking 
fee torque 


{ > 4 


PTO 
shaft 


Univer- Free 


tiple disc brake sal joint wheeling 
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A 8 i ant TT '| 7 


Engine Drive 


torque torque 


B i, Deca: a, HL 
~, Eu tnuel burt 


Engine (5) (6)7 +(7) (8) Drive 


torque torque 


w 
= 
Cc 
o 
iad 
© 


COI OUT F- LW RS = 
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5.3 Stepped transmissions: 
how to save gear wheels 


The gearbox of stepped tractor transmis- 
sions usually has a high number of speeds; 
thus, a high number of gear wheels influen- 
cing costs in and of itself, as well as 
through the dimensions of surrounding ele- 
ments. Guidelines are shown in Fig. 5.10. 
Sixteen gear wheels for eight speeds for- 
ward, version A, are not economic. 


The principle of forming groups redu- 
ces gear wheels and costs, version B. 

Four basic speeds are combined with a 
two-speed range gearing L-H creating a 
total of 4x 2 = 8 speeds. Such versions with 
six pairs of gear wheels have been pro- 
duced in large numbers and are still of 
interest for technology levels I and II. A 
single overlapping of the speeds of the 
ranges L and H results in a speed con- 
centration within the main working range 
of 4-12 km/h (Fig. 5.12 opposite page). 

Looking for further reductions of gear 
wheels for even lower costs, it 1s possible 
to generate eight speeds even with only 
five pairs of gear wheels, version C. Trans- 
missions of this kind were also produced in 
high volumes, mainly by Deutz and Ford, 
and are still of high interest for the tech- 
nology levels I and II. A certain disad- 
vantage is that they have some restrictions 
in choosing the speeds independently. 
However, CARRARO has adopted this prin- 
ciple for an Indian transmission (Fig. 5.28). 


Reducing the number of gear wheels to 
an absolute minimum [5.23] leads, for 
example, to Version D: Only four pairs of 
gear wheels, but with major disadvantages: 


- A high number of shifting elements 

- Complicated shifting sequences 

- Four unfavourable single shifting elements 

- Only three speeds can be choosen inde- 
pendently, five result automatically 


Fig. 5.10: Principles of reducing gear wheels 
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Stepped transmissions of technology lev- 
els HI and IV have more than eight for- 
ward speeds. As the number of gear wheels 
influences the basic transmission costs, 
counting their number is of basic interest. 


Fig. 5.11 gives a guideline for these cases 
with a band for the recommended number 
of gear wheels versus the speeds for eco- 
nomic structures [5.23]. 


The border line in the lower part repre- 
sents the mathematic limit for two-shaft 
transmissions [5.24], which can be expres- 
sed by the equation 
x=2(F-D 
where 

x =number of forward speeds 

z = number of necessary gear wheels 

Equation (5.3) is only valid for 2, 4, 8, 
16, 32, 64, etc. forward speeds. For speed 
numbers between these figures, the higher 
number of gear wheels is always valid. 
Example: Ten forward speeds need the same 
minimum number as 16 forward speeds. 


(5.3) 


An additional evaluation can be carried 
out for the reverse speeds, Table 5.6. A re- 
verse 1s even possible with only one gear 
wheel (see, for example, Fig. 5.31). 


Tractor transmissions have at least two re- 
verse speeds, mostly more. A basic design 
rule recommends integrating the reverse 
gearing with the range gearing as, for 
example, realized in the transmission of 
Fig. 5.12 with four reverse speeds (instead 
of two). The reverse speeds are slightly 
faster than the range L speeds, favourable 
for front end loading. 


The nominal speeds of the Deutz trans- 
mission TW 50 are plotted in a logarithmic 
scale. This has the following advantages: 


1. Distances represent speed ratios 
2. Best overview of basic gears and ranges 
3. Best possible readability 

Designed by H. Keienburg, the Deutz TW50 
is a real “Beauty in Engineering”. How- 
ever, the tolerances of the initial pin shift 


Number of gear wheels 


Renius 


ie) 


18 20 22 24 


6 8 0 12 14 16 
Number of forward speeds 


Fig. 5.11: Transmission value analysis by rela- 
ting the number of gear wheels to the number 
of forward speeds [5.23] 


Table 5.6: Transmission value analysis by coun- 
ting the number of gear wheels for the reverse 
speeds [5.23] 


Gear wheels for R: 1 2 3 4 
Evaluation: 


excellent good aver. moderate 
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F3L912 
and 
F4L913 


34 50 84 km/h 
Nominal speeds (log): oe ee 


p24 39 56 9.5 


Fig. 5.12: Deutz transmission TW 50, produced 
1966-81 in large numbers in Germany [5.14]. 
Speeds for Deutz tractor D 5206 (1974-81) 


through the reverse gear were challenging 
and could be replaced by a design as shown 
in Fig. 5.96. 

The durability of the pinion of the (right) 
L-range gearing and the pinion of the first 
gear, optimized through tests with load 
spectra, was also a piece of art. 
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5.4 Power take-off (PTO) 


5.4.1 Basic PTO configurations 


Disengagement re- 
duces idling losses 


ie] 


va 
Master clutch 
for ground drive 


Front 
PTO 


| Basic 


speeds 
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_- For auxiliary units 


Ranges, 
shuttle 
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Fig. 5.13: Rear and front power take-off (PTO), a typical configuration for technology levels III-V 


_ Master clutch for ground drive and PTO 


Final 


Ground drive 
| drive 


gearbox 


540 1000/min 


Ground drive 
gearbox 


Double clutch: Left plate for PTO, 
right plate for ground drive 


Drive for auxiliary units 540 1000/min 


Ground drive 


gearbox BY 


clutch 


Master clutch for ground drive 


_ Master clutch and PTO clutch 
Final drive 


Ground drive 
gearbox 


i 
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Standard PTO + Ground speed PTO 


Fig. 5.14: Basic structures of mechanical rear 
power take-off mechanisms 


Mechanical power take-off mechanisms 
allow a direct power transfer from engine 
to implements offering the best possible 
efficiency of power transfer. 


Modern tractors of technology levels IL, 
IV, and V offer a rear PTO with 2—4 speeds 
and mostly as an option a front PTO with 
usually one speed, Fig. 5.13. But there are 
also simpler configurations, Fig. 5.14. 


Structure A is the simplest one, with no 
extra PTO clutch. When the tractor stops, 
so does the implement, which in many cas- 
es is a disadvantage. Hence, structure A is a 
low-cost option only for technology level I. 


Structure B has a separate PTO clutch 
which is integrated with the ground drive 
master clutch in order to save costs, typical- 
ly for technology levels H and III. At least 
two speeds are common, often also addi- 
tional “eco” speeds at reduced engine rpm. 


Structure C has similar functionality to 
that of B, but uses a separate wet multi-disc 
PTO clutch in the rear part. The costs are 
much higher but the “life” shaft enables driv- 
ing of auxiliaries, e. g., hydraulic pumps, 
typical for technology levels IV and V. 

Structure D offers, in addition to A, B, 
and C, a ground speed PTO; for example, 
applied as option to drive trailers with a 
synchronized axle speed. A former GDR 
standard cited 540 rpm at 3.3 km/h. For an 
actual relation see, for example, Fig. 5.85. 
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9.4.2 Location of rear PTO shaft The life of the connecting shaft benefits 


A standardized location of the rear PTO from limited inclination. The dimensions of 
shaft is essential in order to secure a proper Fig. 5.15 and Table 5.7 are in accordance 
power transfer to tractor implements. with ISO 500-3 and ISO 6489-3. 


Tractor axis 
Center of 
PTO shaft 
within 

this area 


PTO D min D max 
type mm “mm 


2 530 900 N 
3 600 1000 
Fig. 5.15: Location of rear PTO (ISO 500-3 and ISO 6489-3) 
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Table 5.7: Location of drawbar and rear PTO shaft as standardized in ISO 6489-3 


ome |e [Te Pt 


Max. static vertical 
load L [KN] in regu- 
lar drawbar a ae 


Nominal ee S | 220-420 | 420 | 330-500 500 | 380-560 560 | 400-600 | 600 


|PTOdistance U| 160 | 220 | 260 | 260 | 260 | 310 


PTO distance about 400 for regular drawbar length 


a 
rPintoiedam c| oo [= +| a | sas | a5 
Dies [| « [| » | 7 


Pin diameter 


All dimensions in mm 


A protective guard of the PTO drive shaft 
with a defined clearance is a safety must in 
many countries, Fig. 5.16. The dimensions 
are in accordance with ISO 500 for stan- 
dard tractors (dimensions for narrow track 
tractors are different). 


Safety specifications for the front PTO 
(ISO 8759) are similar to those of the rear 
PTO type a mt5 nt PTO (see also chapter 7). 
land 2 280 = 

a 105.2 


L  >105 Fig. 5.16 (left): Master shield of the rear PTO for stan- 


dard tractors. Dimensions in mm as of ISO 500 
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5.4.3 PTO design fundamentals 


The mechanical tractor power take-off plement interface. Increased tractor power 
and the three-point linkage are the most has led from one PTO type to now four 
important components of the tractor-imple- —_ standardized versions, Table 5.8 and 5.9. 


Table 5.8: Basic specifications of mechanical power take-off (PTO), as standardized in ISO 500 
PTO} Nom. diameter | Number of ; Nom. rotational | Max. power at | Max. telescoping 
type mm splines | Type of splines | sneeq*) rom | the shaft, kW | thrust force, KN 

540 65 

2] 6 


65-130 kW: +12 


*) Engine speed is not specified in ISO 500 enabling eco-PTOs (nominal PTO speed at reduced engine speed). 
Popular basic equipment: Nom. PTO speeds at about 90% nom. eng. speed for type 1 and 95% for types 2-4 


**) Type 1 not available with 1000 rpm for North America 


Table 5.9: Dimensions for the PTO shaft as specified in Fig. 5.17 and standardized in ISO 500-3 


Chamfer angle, deg 30° +3° 
Inner dia. of groove, mm 29.40 +0.1 29.40 +0.1 37.25 +0.1 A8 +0.1 


Important ISO standards for the PTO are: 


- ISO 500: Rear mounted PTO (3 parts) 

- ISO 8759 Front mounted PTO (3 parts) 

- ISO 5673-1 Drive shaft configurations, 
safety aspects, axial telescopic forces 

- ISO 5674 Safety guards 

- ISO 26322 General tractor safety (2 parts) 

- ISO 4254-1 General safety 


The front PTO has the same dimensions 
as the rear PTO with four types as well. A 
rotation opposite to the engine rotation 1s 
possible with only two gear wheels. How- 
ever, ISO tolerates both PTO directions. 


——_ 


Type 1 


GY 
( a 
Types 2, 3,4 & fi C 


A Fig. 5.17 (left): Two basic geometries of PTO 
B shafts. Measures as standardized in ISO 500 
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2500 - 
N 42CrMo4V, inductively heated, 
hardened and tempered - 
7000 — _ Endurance limit, 
7 Endurance limit, torque only torque ‘ 
= plus 46 % bending moment | 
4599 -| Nom. limit of ISOS00 , || 
= — (110 kW, 1050 Nm) 
Cc 
ae 10’ cycles 
© 1000 - 
=) 
© 
| ed 
en 1500. 
0- 


l | 
0 { 2 Time 


Fig. 5.18: Torque loads at the rear PTO shaft type 71 (6 splines) with 1000 rpm for a heavy power 
tiller operation on a firm meadow, width 2.5m. Nominal tractor engine power 92 kW [5.26]. Endurance 
limits for 42CrMo4V without additional bending according to Fig. 5.19. Superimposed bending is 


3 S L 


considered at a 17% endurance limit reduction [5.29]. All endurance limits for 50% probability 


PTO shaft life. Geometry is widely fixed 
(ISO 500). There are three types of loads: 


- Telescoping forces [5.25] 
- Torque loads [5.26—5.28] 
- Bending moments [5.29] 


Telescoping forces are important for trans- 
mission bearings and case wall thickness 
but not for the shaft durability. Torque mo- 
ments can be extremely cyclic; Fig. 5.18 
[5.26]. Superimposed bending reduces shaft 
torque limits and hence power performance. 
Main reasons for these dynamics are pulsa- 
ting implement loads and/or inappropriate 
positions of the universal joints [5.27]. 


The PTO clutch slipping torque and addi- 
tional torque limiter are common to pre- 
vent extreme torque peaks [5.30]. 


Simple carbon steels such as SAE 1040 F 
were common around 1950 [5.27], now 
replaced by high-performance steels such 
as SAE 4140 (42CrMo4V). Optimized in- 
ductive heat treating and shot peening 
enables high dynamic torque performance, 
best represented with S-N curves, scaled in 


AAI 


2000 F ,2crMo4V, inductively “7 \ 


PTO shaft torque peaks without bending 


soa LLLL LL Pettit Soe 
2 18h 1S 1S 


Number of cycles to failure 


Fig. 5.19: Dynamic torque load capacity for PTO 
shaft type 1, without bending [5.26, 5.29, 5.30] 


torque load, Fig. 5.19. They enable service 
life forecasts with load spectra. Carburized 
steels such as SAE 5120 (20MnCr5) offer 
slightly lower performance. 

Additional bending moments reduce the 
torque capacity by about 15-20% [5.29]. 


Flanged shafts simplify their change. 


— © Renius 
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Torque load spectra for gear wheels 
and bearings of the PTO powertrain can 
be best picked up by speed triggered samp- 
le counting. As the speed variation is not 
high, time portions are usually sufficient. 


Rainflow spectra cannot be used in this 
case as they cannot cope with local stress 
dynamics of gear wheels and bearings. 

The highest level of PTO torque loads 
can be found for power tillers (Fig. 5.18) 
and for large square balers, Fig. 5.20. 


18 
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These implements with highest peaks of 
about 400% of the average load outweigh 
most other torque load levels. 


Service life analysis can be made by cu- 
mulative damage theory, for gear wheels 
by using the Miner-Haibach procedure 
[5.23]. Fig. 5.21 is a proposal for the full 
life torque load distribution. Results of Fig. 
5.20 are introduced with 20%. A nominal 
PTO torque of 1210 Nm at 1025 rpm cor- 
responds to 130 kW nominal PTO power. 


PTO torque 1210 Nm 
at 1025 rpm corre- 
sponds to 130 PTO-kW 


LEE 
YI 
PEELE EEE 


AT 


TTT LT EEA LE 
+ 
A 


fl 


0.01 0.1 1 10 


Cumulative time portions 


1400 1600 1800 2000 Nm 2400 


PTO torque at the shaft at 1025 rpm 


Fig. 5.20: PTO torque load spectra for driving a big pack baler: class frequency, also called histo- 
gram (left) and derived cumulative load spectrum (right). Measurements of Walterscheid [5.30] 
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Fig. 5.21 (left): PTO load spectra 


I — Proposed total distribution 
for a typical mixture of opera- 
tions, modified from [5.28]. 

The author thinks that | covers 
90-95 % of all practical opera- 
tions for an engine torque back- 
up of about 25 % (corresponds 
with about 30% at PTO shaft) 


Il — Measured load spectrum 
of Fig. 5.20 (heavy load) for a 
tractor with 130 kW nominal PTO 
power (which may need a type 
2 shaft) and 20% on-time of to- 
tal life, well covered by | 
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5.4.4 Examples of PTO 
powertrains 


For a long time, the two-speed 
PTO was the normal version with 
standardized speeds of 540 and 
1000 rpm at about 90-95% rated 
engine speed. 


This relation is useful for heavy 
loads in order to use the full 
engine performance. But fuel effi- 
ciency is poor in the case of low 
loads/high engine rpms (Fig. 5.2). 


(lees 


Only one 
gear mesh 
under load 
for all three 
PTO speeds 


1000/min 


{1 
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Fig. 5.23: PTO structure of CLAAS 
Axion 800 line (120-165 kW ECE 
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drive gear- 
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PTO 
cluch, 
dry 


| 
to front axle 


1000 750 540/min 


Fig. 5.22: First fuel-saving PTO speed “750 rom” offering 
540/min at reduced engine speed, Fendt 1982 [5.31] 
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clutch 


Ground drive 
gearbox 
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Fig. 5.24: PTO powertrain of 
J. Deere 6R line (92-176 kW 
97/68/EG), as of 2012 [5.32] 
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R 24), as of 2010 [5.32] 


This was the reason for developing fuel- 
saving PTO structures with nominal PTO 
speeds at lower engine speeds, Fig 5.22. 
PTO powertrains with only one gear mesh 
under load, Fig. 5.23, offer good efficien- 
cies but need large gear wheels. 


The distribution of the large speed re- 
duction ratio (about 4:1 for 540 rpm) on 
more gear wheels leads to a more com- 
pact design, Fig. 5.24 and 5.25. As the 
1000/min PTO is preferred in this power 
class, it has still one gear contact. 


Proposals have been presented to in- 
troduce power shifted or CVT PTOs [5.32 
5.34]. Problems of highly sophisticated 
solutions are the very limited space at the 
rear part of the tractor and the extremely 
high PTO efficiency demand (PTO power 
is the price basis in some countries). 


Ground drive 
gearbox 
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Fig. 5.25: PTO powertrain of Case IH PUMA line 
(120-165 kW ECE R 24, 2013), very compact in 
length, needs a special shift control. Priority for 
nominal PTO speeds 540 and 1000/min [5.32] 


A PTO structure of a ZF transmission with 
four speeds is shown in Fig. 5.39 below. 

A compact power split PTO is considered in 
[5.34] along with the vision of “introducing 
more electricity” for hybrid tractor drives. 
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5.5 Examples of important stepped transmissions 


Basic speeds: 3 forw., rev. Range selection aH 2 
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4—cyl. 
Perkins 
40 kW 

2000/min 


Nominal speeds (log): 


19 28 51 75 112 20 km/h 
____-___ H 
R: 2.7 10.7 
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Tire 14.9-28 


Fig. 5.26: Level I: transmission 6/2 of MF 65, 1958. Since 1962 also 12/4 with “Multi Power” 


The MEF transmission of Fig. 5.26 is an 
example of tech level I. Six speeds forward 
and two reverse are realized by three sli- 
ding gears anda standard planetary set for 


Basic speeds forw. 
ie zz 


LL 


Force Motors 


PTO shift 
Nominal speeds (log): L:540/min 
121 36 S1 84 H: 1000/min 
4H 73 125 18 30 : 
p37 62 89 15 km/h Tire 13.6-28 


| T237| 


two ranges. The rear axle with wet brakes 
and planetary final drives was very advan- 
ced at that time (1958). The “Multi Power” 
(Fig. 5.5) could double the speeds to 12/4. 


RT J Ranges 


a aH aS 


Wet 
J— —f service 
brakes 
| 
! — Diff. 
lock 
| 
| 
PTO 


Fig. 5.27: Level Il: transmission 8/4 of FORCE Motors/India (1997), based on a technology transfer 
using a licence for the ZF A 212 transmission (modified) and German consultation support [5.35] 


The level II transmission of Fig. 5.27 was 
realized in India by FORCE Motors (for- 
merly “Bajaj Tempo’’) on the basis of a li- 
cence for the ZF transmission A 212. 


The author supported modifications for 
the Indian market and defined a load spec- 
tra test program “India” [5.35]. This trans- 
mission was still competitive in 2019. 
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oP Wet brakes 3 
Nominal speeds (log): ; : = =? n 
2.1 40 59 85 10 15 22 31 km/h 
34R 12.4 km/h Tire 13.6-28 


Fig. 5.28: Level II-III transmission system from CARRARO for CNH/India, Version T3-0 “basic”, 
2011 (Level Il). Only 10 gear wheels forward and two for reverse for 8/2 speeds being very cost- 
saving (Fig. 5.11 and Table 5.6). The modular system allows for a wide variety of versions [5.20] 


The CARRARO transmission of Fig. 5.28 
and Fig. 5.29 represents a modular design 
with an extremely wide range of versions 
and options meeting technology levels II 
and III. The gearbox uses the former Deutz 
configuration (Fig. 5.12); however, not in- 
tegrating the reverse speeds in the ranges 
and with no speed overlapping of the two 
forward ranges. However, this structure of 


AN 
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geometrical speed spacing of the basic 

gears favours the speed pattern in the case 

of additional Hi-Lo splitting ranges (16/4). 

Three versions are offered for the PTO: 

1 Basic version, not independent, Fig. 5.29 

2 Version “independent” (Fig. 5.28) 

3 Version “independent with two speeds” 
Transaxle version T4 offers planetary final 

drives instead of bull gears (Fig. 5.28). 
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Fig. 5.29: CARRARO transmission T3-0 “basic” in the very simple low-cost version with collar shift 
and transmission driven PTO (stops together with ground drive), 2011. Courtesy Carraro Drivetech 
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Hohe 


Wet brakes Ka —— 
VA 


rpm Ws 
70 KW ‘i 
erkins 
Nominal speeds forward (log): To front axle ah | * HH 
20,36 F600 1000 10 540/min 2 
Hi-Lo.~\2.4 4.3 71 12 c 
poteleei 66 933 Tire 16.9R 34 


Reverse about ‘79 1h 23 


the same speeds“ 
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Fig. 5.30: Level Ill: ZF transmission family T517/T537/1T557 for power inputs of 47—70 kW, several 
versions. This 16/16 example of T 557 is adapted to a tractor of Lindner/Austria, as of 2014 


Many transmissions at technology level III 
could be named. ZF offers the T 500 series 
originating from Steyr, Fig. 5.30. Sixteen 
forward and reverse speeds (synchronized) 
result from four synchronized basic gears, a 
Hi-Lo power shift and constant mesh H-L. 
Creeper speeds, two economy PTO speeds, 
and a ground speed PTO (not shown) are 
available as options. 
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Semi power shift transmissions with four 
or more narrowly spaced power shifted speeds 
achieved a general breakthrough with the 
Case TH Maxxum 1989 [5.36], Fig. 5.31. 
The central master clutch decouples the 
power shift mass inertia from the synchro 
shift, limiting synchro shift dimensions and 
costs. 40km/h versions are realized by adap- 
tion gear wheels increasing all speeds. 
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Fig. 5.31: Level IV: Case IH transmission 16/12 with four narrowly spaced power shifted speeds 
and power reverser (“shuttle”), introduced in 1989 for the new “Maxxum” line (66/74/81 kW) [5.36] 
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Fig. 5.32: Level IV: John Deere PowrQuad and AutoQuad 24/16 transmission with 4 power shifted 
narrowly spaced speeds, six ranges, and power reverser, original status as introduced in 1992 [5.37] 


John Deere introduced its PowrQuad in 
1992 together with the new 6000 and 7000 
tractor families, Fig. 5.32 [5.37]. The left 
planetary unit has three brakes and only 
one clutch, simplifying the hydraulic con- 
trol (only one unit with oil transition into 
the rotating shaft). The space-saving power 
reverser is also applied in other John Deere 
transmissions. The PowrQuad was later up- 
graded with automatic shift strategies 
achieving a very high production volume. 


MAN FA KIT | [{]K,] unloads synchronizers 
691 |, AMT] : 

169 kw = 

2300/min 


Hydrodyn. coupling 


eee Eo ee eee 


A~ 
oO 


r----- 


Central master clutch 


* To front 5 
: = High-performance g 
our power axle dual-cone synchronizers Final drive © 
shifted speeds 


The ZF transmission family T 7000 was 
presented in 1993 [5.38]; the T 7200 with 
three and the T 7300 with four power shif- 
ted speeds. The first customer was Fendt in 
1993, Fig. 5.33, later other important cus- 
tomers. ZF improved the T 7000 family 
over the years by a 4-speed PTO and many 
automatic functions, including the synchro 
shift of the six ranges. Since 2016, an ad- 
vanced family “TerraPower” offers six po- 
wer shifted speeds [5.39], Fig 5.39 below. 


me for hydraulic pump 1000 750/min 


Fig. 5.33: Level IV: Transmission of the Fendt 824 (169 kW) with the initially ZF T 7000 version, the 
T-7300. Typical for Fendt was the hydrodynamic coupling. A complete ZF transaxle [5.38] was 
used from 1995 by Deutz-Fahr and Case-Steyr. The rear PTO was later entended to four speeds 
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Fig. 5.34: Level IV: New Holland “Range Command” 18/6 for Fiat and Ford 1996, 74—119kW [5.40] 


New Holland presented its Range Com- 
mand in 1996 (USA) for Ford and Fiat trac- 
tors, Fig. 5.34 [5.40]. Six narrowly spaced 
power shifted speeds forward (with only 
four pairs of gear wheels) are combined 
with three forward ranges and one reverse. 
Synchronized reversing is supported in the 
retardation phase by engaging both master 
clutches K1 and K2 at the same time, 
resulting in a braking function. All shifting 
elements are actuated electro-hydraulically. 
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MF presented its four-speed power shift 
Dyna 4 (with 8 ranges and reverser) at SIMA 
1992 for the MF 3600 line. GIMA (F) was 
founded in 1994 by Renault and MF, com- 
pleting the power shift section in 2005 by a 
third planetary set offering now six power 
shifted working speeds in four ranges for- 
ward with a central power reverser and op- 
tional creeper speeds, Fig. 5.35. Although 
competitors, MF and CLAAS enjoyed great 


success with this transmission. 
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Fig. 5.35: Level IV: GIMA 6-speed power shift (2005), versions “Hexashift” for CLAAS and “Dyna 6” 
for MF. This transmission map represents the structure for CLAAS Arion and Axion, as of 2014 
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The dual-clutch principle enables _reali- 
zing more than two power shifted speeds 
with only two clutches. 


It was invented as early as 1939/40, but 
used commercially much later, Table 5.10. 


The initial idea was a 1939 patent of the 
automobile engineer Adolphe Kégresse and 
half a year later a patent of the German 
agricultural engineer Rudolf Franke. They 
did not meet nor know one another as out- 
lined in [5.41]. Franke could even not know 
of Kégresse’s patent, as it was initially not 
published in Germany. Neither during my 
various communications with him nor in 
his own publications such as in ATZ [5.42] 
did he mention the name Kégresse,. 


In 1965, IHC presented a 4-speed dual- 
clutch range structure [5.7] and ZF in 1984 
the T6500 with 8 power shifted dual-clutch 
speeds [5.44] for Schliiter in a limited pro- 
duction volume until 1989. 


Many patents on the subject have been 
filed [5.41]. In 1991, Renault presented the 
“Tracto-Shift’, a three-speed power shift 
with power reverser and eight ranges [5.42] 
using the dual clutch principle, Fig. 5.36. 
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Fig. 5.36: Renault TRACTO-SHIFT 24/8 trans- 
mission with a 3/1 power shift unit using the 
dual-clutch principle. Presented at the 1991 
SIMA Paris for series 54 (74-107 kW) [5.43] 
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Table 5.10: Dual-clutch principle, milestones 


1939 Adolphe Kégresse (1879-1943), 
Patent DBP 894 204 (12.08.1939) 

1940 Prof. Rudolf Franke (1906-2001) 
Patent DBP 923 402 (20.03.1940) et al. 

1965 IHC tractor 523: 4 ranges with dual clutch 

1984 Dual clutch transmissions in Porsche ra- 
cing cars, positive experience 

1984 ZF tractor transmission T 6500 8-speed power 
shift with wet dual clutches, no breakthrough 

1989 Proposals of R. Franke in ATZ Vol. 91 (1989) 

1991 Renault 3-speed power shift TRACTO-SHIFT 
with power reverser 

1999 Landini 3-speed power shift DELTASIX with 
power reverser 

2003 Start of large series production of dual clutch 
passenger car transmissions at VW, Kassel 

2004 Ph.D. Thesis of Thomas Goize (Karlsruhe) 

2008 Dual cluch gear boxes by GETRAC (mainly 
for BMW), ZF (for Porsche 911, etc.) 

2009 First application of the principle for a tractor 
power split CVT (ranges) by CNH Industrial 

2010 Honda VFR 1200 F, motor cycle with dual 
clutch transmission 

2012 John Deere “DirectDrive” with 8-speed 
power shift, using dual clutch principle 

2017 CNH 8-speed power shift 
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A further application is in the tractor 
transmission DELTASIX of Landini (1999) 
[5.45] for the “Legend” line, Fig. 5.37, of- 
fering three power shifted speeds forward 
and a power shuttle, combined with up to 
18 conventional basic speeds. Power shift 
is possible for H-M, L-M, and R-M. 


H,L,R  M (direct) 
= TNT 
T Lom] Tr 
= ~ 
Perkins To 6x3 
6 cyl gear box 
| 
| 
— 
L “il wn 
Llow 2 
al H High ° 
R R Reverse 


Fig. 5.37: Landini DELTASIX 54/18 transmission 
with a 3/1 power shift using the dual-clutch 
principle. Presented in 1999 for the “Legend” 
line (81-129 kW) [5.45] 
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Fig. 5.38: John Deere 24/24 “DirectDrive”: Eight power shifted speeds using the dual-clutch 
principle with power reverser and three ranges. Introduction in 2012 for tractor series 6R [5.46] 


In 2012, John Deere introduced the 24/24 
“DirectDrive” with an 8-speed dual-clutch 
power shift for its 6R line, Fig. 5.38 [5.46], 
power shifting between even and odd speeds. 
The design needs only two clutches but as 
many as 16 gear wheels. For the first time 
in a tractor, electromagnets are used for syn- 
chronized shifts, saving control energy. 
The power shuttle is a well-known design. 


6 forw. / 3 rev. power shift 


Life shaft 
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In 2016, ZF introduced the transmission 
family TPT 16 and TPT 20, Fig. 5.39, now 
offering 6/3 power shifted speeds (the for- 
mer T’7200/7300 [5.38] had 4/4). The speed 
step ratios were again reduced to now only 
about 1.18, although one range was saved 
from previously six and no clutch has been 
added. The first customer was Deutz-Fahr 
in 2016 for its tractor line 6. 
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Range 5 


Fig. 5.39: ZF transmission family TPT 16 and TPT 20 (2016) with about 150kW max. net input 
power, 6/3 power shifted speeds forward/reverse. Four or five ranges (5 offering 40/50/60 km/h 


at reduced diesel engine speeds for the top speeds, saving fuel). 


Data courtesy ZF 
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Full power shift tractor transmissions 
allow changing all speeds under power 
without any operation of a clutch pedal, 
similarly to automatic car transmissions. 


However, the number of speeds in tractor 
transmissions is usually much higher than 
in other vehicles. Changing speeds necessi- 
tates a highly sophisticated control system, 
which considers load and speed levels be- 
ing very different on-road and off-road. 


Tractor transmissions of this type have 
been developed mainly in the USA with the 
following milestones: 


- 1958 Ford “Select-O-Speed” 10/2 [5.10] 

- 1964 J. Deere Power Shift 8/4 [5.11] 

- 1982 Deere Power Shift 15/4 [5.18] 

- 1987 Case-IH Power Shift 18/2 [5.19] 

- 1990 Ford-Funk Power Shift 18/9 [5.36] 

- 1994 J. Deere New Power Shift 16/5 [5.47] 
- 2000 NH PowerCommand 18/6 [5.48] 


4. basic speeds by K1, K2, K3, K4, 
reverse by KR, K3 


4. ranges by | U 


A, B, C, D 


| Front axle 


Life shaft 


Nom. tractor speeds, log. (OECD test 1578 R) 
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The transmission map of the first design, 
the Ford “Select-O-Speed”, was already pre- 
sented and commented on in chapter 5.1. 
10 speeds were a lot at that time, although 
gears 2 and 3 had about the same speed. 


The first structures of Ford and John Deere 
used planetary sets while most later designs 
preferred countershaft structures. 


In 1994, John Deere introduced a com- 
pletely new full power shift transmission 
for the new large 8000 series, Fig. 5.40. 
The 4 x 4 structure offers a fine concentra- 
tion of speeds within the main working range 
due to the overlapping of ranges B and C. 


Reverse speeds 8.9 and 10.8 km/h are re- 
presented by range D with reduced engine 
speeds while top speed 38 km/h is achieved 
by an engine speed above 2200 rpm. The 
high offset of engine and rear axle results 
from the high engine position. 
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Fig. 5.40: John Deere 16/5 full power shift for the new 8000 line (136-191 kW) 1994 [5.47]. 
The speeds are taken from a diagram of OECD Test No. 1578R. Fine speed concentration but 
top speed 38 km/h by increased engine speed and no power shuttle initiated a follower (Fig. 5.42) 
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Fig. 5.41: 19/4 full power shift from CNH (Case IH Magnum and NH T 8000, 2012) [5.48] 


In 2012, CNH Industrial introduced its John Deere introduced in 2014 the new 
new 19/4 full power shift for large Case IH 23/11 power shift e23, Fig. 5.42, now offer- 
and New Holland tractors, Fig. 5.41. The ing geometric speed spacing, improved 
overdrive is optional, with a reduced en- reverse speeds, and top speeds at reduced 
gine speed at 40 km/h. The basic structure engine speeds. One of 24 speeds remains 
is still slightly similar to that of 1987 [5.19]. unused for better shifting ability [5.49]. 
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5.6 Continuously variable trans- 
missions (CVTs) 


5.6.1 CVT principles — a survey 


Continuously variable tractor transmis- 
sions are considered to be the ideal tech- 
nology offering a vehicle speed which is 
independent of the engine speed (Fig. 5.2). 


A summary of their history (chapter 5.1) 
has demonstrated that much money has 
been spent for research and development 
with many disappointments and even flops. 


Principles of CVTs are listed in Table 5.11. 


Hydrodynamic torque converters are 
the cheapest CVTs representing the by far 
highest production volume of all CVT types 
(passenger cars!) but they have two major 
weak points regarding their use in tractors: 


- The maximum efficiency is only avail- 
able within a very narrow band of ratios. 

- The ratio cannot be controlled in a closed 
loop as it 1s self-adjusting. 

The first weak point can be diminished 
by a freewheeling element or a clutch 
blocking the unit. But this reduces the CVT 
effect; thus requires a high number of addi- 
tional ranges. A solution to diminish the se- 
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cond weak point is to apply adjustable 
guiding vanes. Hydrodynamic CVTs were 
not introduced for mass-produced tractors. 


Mechanical CVTs using chain drives 
can achieve the best efficiencies of all 
known physical principles if the hydraulic 
auxiliary system is optimized for a mini- 
mum of its own power consumption [5.51]. 

Both pull type and push type versions 
have been applied in series for vehicles. 


Toroidal CVTs need higher slip values 
and offer slightly lower efficiencies than 
push type chain versions [5.50]. 


Hydrostatic “‘direct” drives became po- 
pular for small tractors — early in Japan 
(with high exports) and USA. Solutions for 
larger standard tractors failed, mainly be- 
cause of only moderate efficiencies. 


Electrical CVTs are under research with 
prototypes. The efficiency of diesel-electric 
CVTs has not been impressive so far. Elec- 
tric power split CVTs might have slightly 
better efficiencies than present hydrostatic 
power split structures do; one reason John 
Deere announced a development in 2019. 


Table 5.11: Physical principles of “direct” continuously variable transmissions for vehicles [5.50] 


Princip Df 
Type of CVT Ratio control 


1 Hydrodynamic 


Fluid mass forces 
at pump and turbine 


Types) Efficiency 
application 
Usually 
automatically 
by load 


Passenger cars 
and construc- 
tion machinery 


2 Mechanical Traction forces of Radius of | Passenger cars, 


3 Hydrostatic his forces ' 
pump(s) and motor(s 


4 Electrical 


and motor(s) 


Electromagnetic 
forces at generator 


Displacement Mobile devas 
of the units machinery 


Frequency 
of current 


Passenger cars, 
forklift trucks 
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5.6.2 Pull type steel belt CVTs 


Pull type steel belt CVTs, Fig. 5.43, 
work in principle like an adjustable V-belt 
drive. Early fundamentals were presented 
by Dittrich in 1953 [5.51]. A new gene- 
ration of P.I.V. CVTs became the heart of 
the “Munich Research Tractor’ (1988) 
[5.50, 5.52]. Activities at TU Munich were 
able to improve the general fundamentals 
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Fig. 5.43: Pull type chain CVT, P.I.V.-LuK. 
Actuating pressure 20—50 bar. Courtesy PIV 
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considerably, based on modelling and vali- 
dation by experiments [5.53, 5.54]. 


The P.I.V. principle did not result in se- 
ries production for tractors at that time but 
was introduced by Audi-LuK with the 
“Multitronic” in 1999 for the Audi A6 [5.55]. 
The maximum input torque was initially 
280 Nm, later 380-400 Nm, enabling power 
levels of 140 kW for diesel and 195 kW for 
gasoline engines with spreads of up to the 
very high value of 6.7. 


Load spectra at low speeds are relevant 
for dimensioning. They are more bulgy for 
tractors than for passenger cars, allowing a 
lower CVT power level not exceeding 100- 
120 kW combined with a spread of about 5. 

Fig. 5.44 demonstrates the control sys- 
tem. Outstanding efficiencies can be obta- 
ined with the following design principles: 

1. Steel chain without internal sliding, only 
rolling at the chain pin pairs 

2. Axial clamping forces automatically ad- 
justed to the torque load at slip limits 

3. Minimized auxiliary power of the hy- 
draulic control system [5.56, 5.57] 
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Fig. 5.44: Control system of a modern pull type chain variator (left). The clamping preload is gene- 
rated by the torque sensor and the ratio is controlled by the central spool valve which represents 
four fluid resistors in a “full” Wheatstone bridge offering very high sensitivity [5.53, 5.56, 5.57]. 
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Fig. 5.45: Measured efficiencies of a P.I.V. CVT. Optimized clamping forces (torque sensors at 
input and output), 7 l/min constant flow supply by a variable displacement pump. Input speed 
1000/min, higher values of up to about 3000 rpm input do not downgrade this level [5.53] 


Research at TU Munich resulted in de- 
sign fundamentals for pull type CVTs. 
Optimized efficiency is in a wide range 
above 90%, Fig. 5.45 [5.53] as confirmed 
by LuK-Audi in [5.55] and other LuK 
publications. High rotational speeds do not 
reduce the level; however, typical fatigue 
limits result from centrifugal chain forces 
at output speeds above about 10,000 rpm. 


The Audi-LuK production volume was, 
for example, 1000 units a day in 2009 [5.55]. 


CVTs with friction contacts of 
rolling elements such as toroidal units 
[5.50] are slightly lower in efficiency 
than the level of Fig. 5.45 — one reason 
is the larger slip. However, they offer 
the possibility of higher power levels 
with parallel units. 


Electrical CVTs have slightly lower 
efficiencies than those of Fig. 5.45. 


Friction drive CVTs cannot offer a zero 
output speed directly. However, this is pos- 
sible by the “geared neutral” principle [5.58]. 


A prototype at TU Munich had a struc- 
ture with two ranges [5.59]: a first one with 
power split for extending the speed spread 
and a second with direct power transfer. In 
its “Boomer” line, New Holland introduced 
a similar structure but with only one range, 
enlarged by power split, Fig. 5.46. 


Power 
LZ Split 


Rear axle 
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Torque sensor 


Fig.5.46: CVT “EasyDrive” of NH “Boomer” tractor 


This confirms the outstanding efficien- 
cy potential of pull type steel belt CVTs. 


line (2009), in 2015 up to 40 kW. P.I.V. variator 
with extended speed spread by power split [5.60] 
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5.6.3 Hydrostatic CVTs 


Fig. 5.47: Typical circuit diagram of a hydrostatic CVT. 
Reference numbers are explained in the text [5.61] 


Table 5.12: Achieving high HST efficiencies 


- Displacement adjustable for pump and motor 

- Large angle bent axis units (45°) at least 
for the hydraulic motor(s) 

- Motor(s) larger than the pump 

- If possible, more than one motor parallel in 
the circuit (disconnecting one at top speed) 

- Charge pump with variable displacement 
for flow on demand, mainly for larger CVTs 

- Moderate input speeds 

- Moderate pressure levels for the main op- 
erations, e. g. 250-300 bar (25-30 MPa) 

- Compact design, short pipes with large 
diameters, flow computer simulation (CFD) 

- “Dry” cases, to prevent plashing 

- No hoses to limit pressure losses 
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Table 5.13: The 5 duties of the charge pump 


- Replace the /eaked oj/ within the system 

- Allow bypass filtering of the oil 

- Remove the heat from the closed circuit 

- Charge the low pressure side of the pump 
and the motor by prepressure for smoother 
running and/or higher possible unit soeeds 

- Deliver auxiliary power for remotely con- 
trolling the angles of the unit(s) 
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Bent axis unit, 
high efficiency 


Swash plate unit, 
low initial costs 
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Hydrostatic CVTs (also called 
HSTs) are applied directly or with 
power split. This first chapter 
addresses only the elementary 
“direct” dives. They have been ap- 
plied for small tractors since many 
decades in high volumes, [5.4], 
mostly combined with mechanical 
ranges. At the same time, they are 
the basis for modern hydrome- 
chanical power split CVTs. 
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The typical HST structure can 
best be shown by using symbols 
from ISO 1219, Fig. 5.47. 


The variable displacement pump (1) 
works on the hydraulic motor (2), producing 
the CVT effect. The charge pump (3) with 
safety valve (4) charges the low pressure 
side via the check valves (6). The surplus is 
automatically discharged by the flushing 
valve (7, controlled by high-pressure side), 
its pressure level controlled by the relief 
valve (8). Heat is removed by cooler (9). 
The pressure relief valves (10) limit the top 
pressure which can, however, be realized 
better (throttle-free) by the pump displace- 
ment (pressure sensor). The check valves 
(11) deal with suction in an emergency 
case. The charge pressure (20-25 bar) is 
also used for auxiliary power of the pump 
and motor displacement controls (12). 


The best efficiency of a hydrostatic 
“direct” CVT is usually only in the range 
of 78-84%. Values above 80% require rea- 
lization of some guidelines as listed in 
Table 5.12. The charge pump circuit has 
five major duties which are important for 
the circuit, Table 5.13. 


The most used pump and motor units are 
shown in Fig. 5.48. Swash plate units are 
cheap and popular as pumps. Bent axis 
units offer higher efficiencies, Fig. 5.49. 
They are recommended for motor(s) as 
they also offer low starting torque losses. 


Fig. 5.48 (left): Bent axis and swash plate axial 
piston units for hydrostatic transmissions [5.61] 
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Some basic equations address the phys- 
ical balance between mechanical and 
hydrostatic power [5.61]. 

If any energy losses are neglected, me- 
chanical rotational power P is equivalent to 
hydrostatic power by equation 


P=T-w=V-Ap 


where 


(5.4) 


P=mechanical power (at shaft) 
T = shaft torque 
@ = angular velocity 
V = fluid flow 
Ap = pressure difference 
Hydrostatic power calculation can be sim- 
plified with established “engineering units”: 


V [l/min] - Ap [bar] 
600 


The torque 7 is proportional to the pressure 
difference Ap: 


Ap. V 
ie 2 


where V represents the displacement of the unit 
in volume for one rotation. 


P [kW] = (5.5) 


(5.6) 


If losses are included, the driving torque 

T of a pump is 
Ap V1 
2T 1) mech 


where 1 mech represents the mechanical efficien- 
cy addressing all friction and pressure losses. 


(5.7) 


Consequently, the drive of a hydrostatic 
motor with the torque 7 gives the equation 


7 SPV 


an - 1) mech (5.8) 


The equations (5.7) and (5.8) demonstrate 
that the relation between torque and pres- 
sure is not influenced by leakage. 

However, the flow of a hydro pump is 
slightly reduced by leakage: 


V= n-V- vol 


where 7, represents the volumetric efficiency 
and n the rotational speed of input shaft. 


(5.9) 
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A hydro motor runs slightly lower due to 
its leakage; its rotational speed n is: 
n= Tho (5.10) 

Regarding a hydrostatic transmission, the 
leakage is usually limited to the pump and 
the motor: That’s why the two equations 
(5.9) and (5.10) usually express the total 
“speed losses”. 


The “torque losses” result from equations 
(5.7) and (5.8) but there are additional por- 
tions due to the losses in the pipes between 
the units. 


The total efficiency total of a hydro pump 
or a hydro motor is 


(5.11) 


otal — mech’ Myol 


Modern 45° bent axis axial piston units 
achieve the highest efficiencies, Fig. 5.49 
[5.61]. Swash plate units are at some per- 
cent below with major differences at low ro- 
tational speeds due to piston friction [5.62]. 


Further power losses must be considered 
for the total transmission efficiency due to 
the auxiliary power of the charge pump. 


A constant displacement charge pump 1s 
rated for the maximum possible leakage, 
which is about 8-12% of the maximum 
flow. A variable displacement pump saves 
energy by flow on demand (Table 5.12). 
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Fig. 5.49: Efficiency map of a large 45° bent 
axis axial piston unit. Courtesy Danfoss 


132 


V7 LLL 
NN 


i 


ZLZL) 
LR 
imi 
LL itl 


[fp ALL 
aS 


| 
apt 


eS 


\/ 
SERRE ELS SS 


5 Tractor transmissions 


re 


Nz 


ON 
S 


SS. ee 


eae) 
VTi eee eee CBSA 
a4 


tye: 


Ree 


© Matthies /Renius 


Fig. 5.50: The first hydrostatic transmission which gained importance for professional agricul- 
tural standard tractors by series production, starting at IH with model 656 (USA 1967). Variable 
displacement swash plate units 1 and 2 are controlled by the valve block 3 and the servo 
cylinder 4 and 5. The drawing has been derived from [5.64], complete powertrain see [5.4] 


Hydrostatic tractor CVTs were first ap- 
plied for lawn and garden tractors [5.63]. A 
simplified design and a high production 
volume allowed for low prices. 


The first application for a professional 
standard tractor took place in 1966 by 
Eicher in Germany incorporating a Dowty 
“Taurodyne” CVT with coupled bent axis 


Pump displacement increased, 
motor af max. displacement 


. “Pressure relief valve 


Ideal output torque 
Real output torque (with losses) 


Transmission output speed 


Fig. 5.51: Characteristics and typical control sequence of dis- 
placement for hydrostatic CVTs with variable pump and motor 


__Motor displacement reduced, 
pump at max. displacement 


Pump and motor 
\. Pressure difference both at maximum 
displacement, 
best efficiency 


units [5.4]. In 1972, the production was ter- 
minated at 71 units under MF. 


International Harvester (IH) launched its 
model 656 (63 PTO hp) in 1967 with a hy- 
drostatic transmission, Fig. 5.50, and two 
additional ranges. Other models followed. 
The central design was developed in co- 
operation with Sundstrand (USA) [5.4]. 

The author estimates a to- 
tal of about 15,000 produced 
IH hydro tractors. Reasons 
for terminating this line in 
1984 were high initial costs 
and poor efficiencies. 


The design is still exem- 
plary (Table 5.12), as similar 
configurations are used for 
the hydrostatic path of mo- 
dern power split CVTs; 
however, also with variable 
bent axis motors which offer 
lower piston friction forces. 
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Fig. 5.51 demonstrates ty- 
pical characteristics of a hy- 
drostatic CVT. 
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The author calculated the full load effi- 100 
ciency for the design of Fig. 5.50 based on 
data from Sundstrand and fundamentals of 


axle efficiencies, Fig. 5.52 [5.50]. 80 

The efficiency of the hydrostatic unit & 1 ee a a ce : 
peaks at 80.5%, still typical for structures - PA i a 
with back-to-back swash plate units. = 60 } 

The best full load efficiency of the com- 50 With axle, range low ..., range high 
plete transaxle is, however, only 73% in the 3 
low range and 75% in the high range. 40 fr 

This means that it was about 10 percen- 0 6 7? 18 24 km/h 32 
tage points below stepped transmissions Vehicle speed 


and hence too poor for general acceptance. Fig. 5.52: Full load efficiencies for the CVT of 
Fig. 5.50 and for the complete transaxle [5.50] 


Three control modes Combination with mechanical ranges Hydrostatic 
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Diff. lock 
Drive axle 


Fig. 5.53: Configurations of direct hydrostatic transmissions 


There are several pump and motor confi- 
gurations possible as shown in Fig. 5.53. 
“Multi-motor” solutions have been applied 
successfully for loader transmissions [5.61]. 


One important property of axial piston 
units for transmissions is their performance 
when starting from zero rotational speed 
under load. Swash plate motors have higher 
friction losses than bent axis units, Fig. 5.54. 
The reason is the very high friction be- 
tween piston and cylinder [5.62]. The local 
pressures at the cylinder bushing are so 
high that there is no separating oil film dur- 0 650 150 250 bar 350 
ing starting. This is important for motors in Pressure difference 
power split transmissions, which achieve Fig. 5.54: Torque efficiencies of bent axis and 
their best total efficiencies when the motor _gwash plate axial piston motors when starting 
is running at very low rotational speeds. from zero speed under load [5.65] 


Torque efficiency 
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5.6.4 Electric CVTs 


Or fuel cell 
or battery 


DC power BUS 


Power inverters 


Fig. 5.55: Central electric CVT “direct” including PTO, auxiliaries and 
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implement power supply. Similar early proposals by M Saller (MELA) 


Three basic concepts are discussed: 
1. Central electric CVT, “direct” 
2. Individual electric wheel drives 
3. Central electric CVT with power split 
Fig. 5.55 shows approach (1) with the 
potential for fuel cells or large batteries or 
both. Two motors are proposed for variable 


Table 5.14: Asynchronous Motors ASM and Per- 
manent Magnetic Synchronous Motors PMSM 


ASM PMSM 
Efficiency level ++ +++ 
Ratio spread ++-+ 44 
Cost per kW +++ ++ 
Power density os +--+ 
Starting from zero ++ +++ 9 
Overload capacity ae be 5 
Field control +++ ++ 0 


++ moderate +++ good 


Fig. 5.56: Electric wheel 
drive with two power-shi- 
fted ranges. Proposal of 
the author 


0 
1000 1500 


Fig. 5.57: Efficiencies of a very good electric 140 kW PMSM unit with inverter. 


vehicle speed and variable PTO, addressed 
in several patents, for example in [5.66]. 


Design (2), Fig. 5.56, offers high flexibili- 
ty. The author thinks that it needs at least 
two mechanical power-shifted ranges. 


Power split (3) offers the best efficiency 
level (John Deere patent US 9,562,592 B2). 


The DC power bus (e. g. 700V) enables via 
inverters for all the three structures auxi- 
liary or implement power at variable speeds. 


Two common electric units are evaluated 
in Table 5.14. Efficiencies of large PMSM 
machines are very promising, Fig. 5.57. 
ASM motors are cheaper and improved re- 
cently, supported by EU efficiency classes, 
mainly class IE4 of EG640/2009, based on 
[EC64034-30. ISO 16230-1 defines safety. 
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5.6.5 Power split CVTs 


Power split can improve total efficiency 
(at reduced speed spread) or enlarge speed 
spread (at reduced efficiency) [5.58]. 


Improved efficiency is achieved by split- 
ting the power into a fixed mechanical path 
with excellent efficiency and a variable 
path with usually moderate efficiency. 
Table 5.15 classifies power split CVTs by 
external and internal structures and compact 
or distributed components. An early inter- 
nal power split transmission “OC compact” 
was presented by Louis Renault 1907 [5.1]; 
Fig. 5.58 shows a similar design [5.61]. 


Power is divided at the left cylinder block 
(1) into mechanical power of the rotating 
housing (3) and hydrostatic power directed 
to the right cylinder block (2), which 1s 
fixed, but its pistons contribute power to 
the rotating housing. The power fractions are 


Py = T, -(@,- @2) (5.12) 
F ich = T ; > (5.13) 
where 


Pry = hydrostatic power 
Pech = Mechanical power 
(= angular input speed 
(> = angular output speed 


Design examples of OC, IC, and CC internal 
power split transmissions “compact” were 
commented on in [5.67] while a structure 
OC “distributed” was proposed, Fig. 5.59. 


IC Input coupled 


Input 


Variable path 


Power split, 
fixed speed ratio fixed torque ratio 


Power junction, 


CC Compound coupled 


Mech, path |, Input| + Mech. path Tl. Input ly Mech. path 
tp reach a 


Variable path 
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Table 5.15: Power split structures: Classification. 
Definition of OC, IC, and CC see Fig. 5.60 


Power split CVTs 


Internal power split, 
case as mechanical path 


External power split, 
planetary as differential 


OC output coupled IC input coupled CC compound 


SOOO OO OOOO OOO OOO 
Paretatetetatetetateterecetncseseses el ela soseeieee soe 
TOTP aT OTST OT ISN AION 


= 
J 2 3 
Fig. 5.58: Internal power split, “compact” [5.61] 
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Power junction 


splitting 


Fig. 5.59: Internal power split, output coupled 
with “distributed” components [5.65] 


Power split transmissions have been clas- 
sified well by J.H. Kress, Fig. 5.60 [5.68]. 


OC Output coupled 


@©Renius 


Variable path | 


Power junction, 
fixed speed ratio 


Power split, fixed 
torque ratio 


Fig. 5.60: Three basic categories of power split structures, as classified by James H. Kress, who 
also presented complete models in [5.68]. The variable path is at present realized by hydrostatics 
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Ri TT TP] The most used struc- 
Ing+ - [| - | + [| - | 
Sun tures for tractor drive 


—-> 


CVTs (and meanwhile 
also for wheel loaders 
and other mobile ma- 
chines) are those as ad- 
dressed in Fig. 5.60. 


Characteristics of IC 
and OC structures are 
analyzed in Fig. 5.61 and 
Fig. 5.62, based on 
[5.68] and [5.50]. 


The following efficien- 
cies are assumed for both 
diagrams: 

- CVT unit: 7 = 85% 

(45° bent axis units) 


yo FF DBD @D PC 
Total efficiency 7 
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Variator power / input power 


[ Power of fixed path 
Power of variable path 
Reverse <—— 0 —> forward 


- gears, bearings, seals: 
n = 97% (an total) 
These values address 
full load, which is, how- 
ever, not possible in re- 
7 ; TP ality for speeds below 
Ring + the traction limit. 
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Fig. 5.61: Power characteristics and efficiencies for an input 
coupled IC external power split structure [5.68, 5.50] 
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But in order to simplify 
the analysis, calculation 
has been done with the 
listed efficiencies also 
for the low speeds with 
06 nominal power. 


Total efficiency 


Positive circu-—} 
lating power Regarding the table at 


the top of the diagrams, 
ry iV the following sign con- 
5D} vention is used: 
yyy — - Speed n positive, if di- 
We peed n positive, 
——— aad rection of input speed 


- Input P power positive, 
output power P negative 


Variator power / input power 


- Sign of torque 7 result- 
ing from speed and power. 


haft 1 lock-up 
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Reverse — 0 —-> ‘forward 


Fig. 5.62: Power characteristics and efficiencies for an output coupled OC external power split 
structure [5.68, 5.50]. Efficiency of variable unit constant 85% and of all mechanical elements 
together constant 97% for both diagrams 
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Total CVT efficiency de- 
pends mainly on the effi- 
ciency of the hydrostatic unit 
and the output-to-input ratio. 


Fig. 5.63 demonstrates the 
relationships for an input cou- 
pled structure as in Fig. 5.61. 


Acceptable total efficien- 
cies are only possible near 
the lock-up point. This is the 
reason that power split CVTs 


Total efficiency 7 


©Renius/Resch 


of this kind need additional Pesce <—— ———. Fopward 
mechanical ranges. The influ- Speed of rio shaft 

ence of the variator unit is 

not so high within the recom- Fig. 5.63: Influence of the variator unit efficiency on the 


mended ratio, which allows overall efficiency for the IC structure of Fig. 5.61 [5.50] 


compact and low-cost units. 


The total efficiency of the 
OC structure is completely 
different, Fig. 5.64. If effi- 
ciency of the variable unit is 
at least 0.85 (possible with 
variable 45° bent axis units 
for pump and motor), the to- 
tal efficiency forward is very 
flat and additional mechani- 
cal ranges are not a must. 
The use of reverse speeds is 


Total efficiency 7 


possible, but high reverse Reverse 0 

speeds create high losses Speed of output shaft 

owing to circulating power, Fig. 5.64: Influence of the variator unit efficiency on the over- 
Fig. 5.62. all efficiency for the OC structure of Fig. 5.62 [5.50] 


The third group of com- 
pound coupled power split CVTs (CC, see However, a recommended survey has 
Fig. 5.60) is much more complicated and been published in [5.69] organizing the 
thus not analyzed in detail in this book. huge variety into 3 basic groups, Fig. 5.65. 


In 


m@ Gr 


Fig. 5.65: Basic structures of power split CVTs with compound planetaries, after Gackstetter [5.69] 
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5.6.6 Examples of power split CVTs 


A very first important approach was the 
famous internal power split design proposal 
of Louis Renault in 1907 for passenger cars 
as cited in chapter 5.1. 


Beginnings of a new era. The discussion 
on tractor power split CVTs was not in the 
foreground for a long time but in 1985 ad- 
dressed by a patent of the Fendt engineer 
Hans Marschall (1936-1989) [5.70] and a 
patent of the German professor Friedrich 
Jarchow (1926-2011) [5.71] as licensed by 
CLAAS. Both companies confidentially de- 
veloped their own power split CVTs based 
on these patents. At that time, the CVT 
efficiency was still an important question: 


Will it be able to compete with efficien- 
cies of full power shift transmissions ? 


The author was requested by CLAAS and 
Fendt around 1990 to define a target fac- 
ing this question, Fig. 5.66. 

Some years later, the target was released 
for publication, first in 1993 [5.72]. Taking 
in account full load efficiencies of the axles 
of about 94-95% (Fig. 3.30 and 3.31) and a 
full load efficiency of 98.5% for one addi- 
tional gear wheel engagement, the target of 
Fig. 5.66 requires full load “gearbox” effi- 
ciencies of 88-90%. This was commented on 
by experts as being extremely challenging. 


Full load transaxle efficiency 
(Axle output / gearbox input) 


: 
Uae he Six 


8 1012 
Vehicle speed (at rated engine speed) 


20 km/h 40 


Fig. 5.66: Full load efficiency target (axle output/ 
gearbox input) for tractor CVTs of nominal 
engine power above about 100 kW [5.72] 
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However, several power split CVTs of 
large tractors (above 100 kW) could meet 
this specification; the first one was the 
CLAAS HM8s8 [5.73]. 


Pioneering work has been carried out 
since the late 1980s by CLAAS Indus- 
trietechnik, resulting in the CVTs CLAAS 
HM-8 (about 140 kW) [5.36] and the later 
larger CLAAS HM-II, also called “Traxion” 
(about 220 kW). Both were developed for 
the CLAAS carrier tractor “Xerion’’, both 
based on the patent of F. Jarchow. 


The HM-8 had seven power split ranges 
in order to keep the hydrostatic power por- 
tion very low in favour of high efficiency. 
One additional creeper range worked 
directly. This CVT has been produced since 
1996 in small numbers. The follower HM- 
If (1999) had only five power split ranges 
and a conventional power reverser. It of- 
fered improved shift comfort but could also 
only attain at a small production volume. 


The CLAAS-Jarchow approach was cha- 
racterized by an input coupled four-shaft 
compound planetary consisting of two 
standard planetaries [5.36]. The shifts be- 
tween the ranges were done at synchronized 
speeds with dog clutches and the power 
handed over without interruption in a very 
short time, during which the ratio was, 
however, kept constant (no acceleration or 
deceleration of the vehicle). The power 
shift by dog clutches was one reason for 
good efficiencies but it was finally not 
possible to arrive at a 100% shift reliability 
with this principle. 

So CLAAS decided to use a ZF CVT for 
the Xerion line. However, the collected 
experience was later on very helpful for the 
CLAAS EQ 200, produced from 2014. 


The idea of a dog clutch range power shift 
was realized with more success by the Steyr 
“S-Matic”, attaining series production for 
Steyr and Case IH tractors in 2000 [5.50, 
5.74]. The CVT producer “Steyr Antriebs- 
technik” became part of ZF in 2000. 
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As used for the Fendt “Vario” CVT, the 
structure of the CVT in Hans Marschal’s 
patent [5.70] is an advancement over pro- 
posals of Hans Molly (1902-1994) [5.75]. 


The “Vario”, Fig. 5.67, was presented in 
1995 at AGRITECHNICA and first applied 
to the Fendt “Favorit 926’, the largest 
Fendt tractor at that time. It was the first 
power split tractor transmission in_ the 
world to achieve series production, starting 
in Marktoberdorf in 1996 [5.76]. The output 
coupled structure requires outstanding effi- 
ciencies of the hydrostatic units (Fig. 5.64). 


Swash plate units were not appropriate 
and also had the disadvantages of limited 
tilting angles (max. 20-22°) and very high 
piston friction at low speeds. Bent axis 
units had better efficiencies (mainly for low 
speeds, Fig. 5.54) and higher swivel angles, 
but were also not good enough for the 
“Vario”. Even all commercially available 
variable axial piston pumps and motors had 
been quoted as too poor in efficiency to 
meet the required level. But there was hope 
for improving efficiency for bent axis units, 
based on measurements at TH Braun- 
schweig by D. Hoffmann for fixed Flygmotor 
units in 1970 [5.77]. He explained out- 
standing efficiencies by the large 40° angle 
and the spherical pistons with piston rings; 
however, variable “wide angle” versions 
did not appear on the market. 


Fendt did something unusual, developing 
on their own a new variable bent axis unit 
with a 45-degree maximum swivel angle, 
Fig. 5.68 [5.76]. A co-operation with Sauer- 
Sundstrand (2013 Danfoss) supported se- 
ries production. This strategy was able to 
meet the target, Fig. 5.69. Full power shift 
transmissions can be slightly better but the 
“Vario” can compensate small differences 
by its infinitely variable electronic ratio 
control being superior to a stepped ratio 
control, as confirmed by many DLG tests. 
Since 2009, Fendt has produced all tractor 
models with the “Vario” only (Status 2019). 
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Bent axis axial piston unit -30°...+45°, max. 233 cm3 
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~. Bent axis units, 
max. 45°/ 233 cm? 
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Fig. 5.67: Structure of the Fendt “Vario”, the first 
mass-produced tractor power split CVT, present- 
ed at AGRITECHNICA 1995, in series as of 1996 
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Fig. 5.68: Variable bent axis axial piston unit with 
45° max. swivel angle [5.76] 
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Fig. 5.69: Full load efficiency of the Fendt “Vario”, 
size ML 200 for the “Favorit 926” (engine power 
191 kW), and comparison with a target [5.76]. 
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Fig. 5.70: New Fendt Vario. Series production from 
2015 with the new 1000 tractor family, max. 380 KW 
[5.77], in 2019 also introduced to the new 900 line 
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Fig. 5.71: Second generation of the ZF “Eccom’”, now 
“Terramatic”, size 28-32 [5.20], 2013 first for CLAAS, up 
to about 200 kW, size 42 later up to 320 kW (2019) 
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Fig. 5.72: Transmission input power, hydrostatic power 
portion and speed of the first sun gear of the first ZF 
CVT “Eccom” [5.79]. Terramatic (Fig. 5.71) is similar 
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The second generation of the Fendt 
Vario CVT is an advancement over 
the first design, also output coupled, 
Fig. 5.70. The pump P drives the 
hydro motors M1 and M2. When the 
clutch C1 is open, the parallel work- 
ing hydro motors produce a longi- 
tudinal differential effect, for which 
motor M2 drives via C2 only the 
front axle. C1 can be closed to func- 
tion as a differential lock. 


This structure is now able to offer 
a pull-in-turn function and a per- 
manently engaged four-wheel drive 
on the road without any wind-up ef- 
fects [5.78]. 


The first power split CVT of ZF 
was the “Eccom’’, introduced with 
Deutz tractors in 2001 [5.79]. A se- 
cond similar generation came on the 
market in 2014, first in CLAAS trac- 
tors, Fig. 5.71. All ZF CVTs are in- 
put coupled with a compact hydro- 
static unit of a variable pump and a 
fixed motor in a back-to-back de- 
sign, in the first generation with two 
swash plate units, now also with bent 
axis motors. The hydrostatic power 
portion is moderate, Fig. 5.72. 


As swash plate units have high pis- 
ton friction near zero speeds (see 
Fig. 5.54), the motor was replaced in 
the larger Terramatic versions by a 
bent axis unit. This improves both, 
control quality and efficiency. How- 
ever, influence on the losses is not 
high because of low hydro power. 


The advantage of low costs for the 
hydro unit must be paid for by the 
disadvantage of small ratio spreads. 
The Terramatic has four ranges for 
top speeds 40/50/60 km/h. It is 
offered in many versions. The ran- 
ges are power-shifted in both CVTs 
of Fig. 5.71 and 5.72 under syn- 
chronized conditions. 
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Fig. 5.73: The smal- 
lest CVT of the ZF 
Terramatic family is 
the type TMT O9, first 
introduced for the trac- 
tor “Lintrac” (2014) of 
the Austrian tractor 
manufacturer Lindner. 
Nominal engine power 
74 kW. Complex PTO 
structure 

For the lower end of 
its CVTs, ZF developed 
the “Terramatic” sizes 
O09 and 11 (max. 85 kW). Type 09 
was introduced in 2014 with the 
“Lintrac 90” (40 km/h), Fig. 5.73. It 
has two ranges forward and one 
reverse, power-shifted by a dual 
clutch. The transmission offers four 
PTO speeds, a ground speed PTO, 
and a stationary CVT-PTO. The 
main losses are generated by the 
hydrostatic path, Fig. 5.74, in par- 
ticular at left due to circulating 
power (Fig. 5.61 and 5.72). 


JD presented its first own CVT in 
2001, Fig. 5.75. It works with two 
bent-axis axial piston units from 
Danfoss, which are similar to those 
of the Fendt “Vario”; however, in a 
completely different structure. It is 
input-coupled and uses a four-shaft 
compound planetary. The engine 
drives both, the variable axial pis- 
ton unit and the far left sun gear. 


The speed of the left ring gear is 
controlled by the speed of the fixed 
displacement hydro unit. Its carrier 
output is used for range L (KL) and 
output of the mid sun gear for H 
(KH, max. 50 km/h). 


Forward range shifting is done at 
synchronized speeds. An extra pla- 
netary for reverse uses the carrier 
output of the merging planetary; 
reversing 1s achieved by engaging 
the brake KR, output at its sun gear. 
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480 bar (limited) 

- Input speed 2200 rpm 
- Input torque 305Nm 

- Oil temperature 80°C 
- Transmiss. pump 20 bar 
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Fig. 5.74: Calculated power losses for the first range 
of the ZF Terramatic 11 (identical with Fig. 5.73) [5.80]. 
Lowest losses at 10km/h as hydrostatic power is zero 
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Fig. 5.75: First power split CVT designed by John Deere, 


presented in 2001 for the tractors 7710 and 7810 (118 
und 129 kW), later also for the 7020 and 7030 models 
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Fig. 5.76: John Deere AutoPowr for the upper 8030 
tractor family (max. 236 kW), presented in 2006 
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Fig. 5.77: CNH CVT with automatic dual clutch range 
selection (2009), nominal power up to 185 kW 
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Fig. 5.78: Power split CVT of Valtra (AGCO), as presen- 
ted in 2009 within a modular transmission system [5.81] 
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In 2006, John Deere presented the 
power split structure of Fig. 5.76 for its 
large 8030 family (max. 236 kW). 


In its right part, it is similar to the 
AutoPowr of the 7000 series with an 
identical power shuttle (Fig. 5.75); in 
its left part, however, output coupled. 
The engine drives the left sun wheel of 
the planetary gear set; power 1s split at 
the dual planetary gear. The ring gear 
powers the hydrostatic unit, which 
drives the planetary carrier (via S1) or 
the mid sun gear (via S2). 


In 2009, CNH introduced a CVT with 
an interesting range shift, Fig. 5.77. It 
is input-coupled and has a compact hy- 
dro unit in a back-to-back configuration 
but in this case applies the dual clutch 
principle, which allows realizing four 
power shifted ranges forward (F) and 
two reverse (R) with only two clutches. 


The same principle was realized by 
CNH 2013 in a lower power class; 
however, in this case with two ranges 
only, see Fig. 5.83 below. 


At SIMA 2009, Valtra (AGCO) pre- 
sented an interesting modular trans- 
mission system for tractors in the upper 
power range (series N and T) which 
realizes both, a continuously variable 
power split CVT and, as an alternative, 
a stepped version with five power-shif- 
ted speeds and with many identical 
parts; see both transmission maps as 
published in [5.81]. 


The CVT version is input-coupled, 
Fig. 5.78. The power junction takes 
place at the threefold planetary unit: 
Input with engine speed either at the 
mid or the left sun (C1, C2) and input 
of the hydrostatic path at the common 
carrier. Output is at the right sun wheel, 
followed by the power reverser (rotat- 
ing forward as a block) and four syn- 
chronized ranges. 
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SAME Deutz-Fahr uses ZF CVTs 
but has also developed its own 
power split CVT for the lower 
power range including narrow track 
tractors, Fig. 5.79. It has no ring 
gears or outside control brakes and 
thus represents a very slim design 
achieving a narrow shape. 


The transmission is input-coupled; 
the range L uses the left planetary 
carrier (KL) and the range H its 
right sun gear (KH). Reverse is rea- 
lized by opening KL (or KH) and 
closing KR. The right planetary set 
is in this case connected with the 
left carrier (countershaft case). 


Power split versions are becom- 
ing popular in Japan as well, even 
for the low engine power levels, 
Fig. 5.80. This Kubota CVT is in- 
put-coupled, has a power reverser 
and three additional ranges. The 
PTO offers five speeds and one 
reverse. The front axle drive uses a 
pull-in-turn overdrive (chapter 3). 


In 2011, John Deere presented 
another own power split transmis- 
sion, Fig. 5.81. It has a compound 
planetary and works with three auto- 
matic ranges and a synchronized re- 
verser. The double yoke bent axis 
unit from Danfoss with 45° tilting 
heads saves costs. Efficiency losses 
by the mechanically connected til- 
ting heads may be compensated for 
by short pressure pipes (low losses). 


The common carrier for the left 
and the right planetary rotates with 
engine speed. Its left part is con- 
nected to the hydrostatic unit via 
the ring gear and the sun gear. The 
speed relation of both is controlled 
by the hydro unit and generates the 
rotational speed of the double 
planetary gear wheel. Its speed is 
combined with the carrier speed, 
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Fig. 5.79: Same-Deutz-Fahr power split CVT for lower 
power ranges including narrow track tractors (2010) 
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Fig. 5.80: Kubota power split CVT for small tractors, 
power range of 23—43 kW, introduced 2011 


Both units 
max. 160 cm; 


to front axle | 


Fig. 5.81: John Deere AutoPowr with the Danfoss 
45° double yoke bent axis unit (combined tilting heads) 
for the tractor family 7R (147—206 kW ISO, 2011) 
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generating the speeds of the right ring gear and sun 
gear and thus the vehicle speed for M and H. Only 
the low range (KL) 1s output-coupled. 
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Fig. 5.82: Power split CVT of CNH Industrial for high 
power tractors NH T8000 and Case IH Magnum (2013) 
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Fig. 5.83: The small dual clutch power split CVT of 
CNH, only three ranges. Introduction 2013 for Case IH 
Maxxum, New Holland T6, and lower NH models T7 
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K1: forward low and reverse, output coupled 


Fig. 5.84: CLAAS power split CVT EQ 200 for Arion 
500 and 600 tractors (2014). From 2017, an additional 
version EQ 220 has a second double clutch package 
for a direct hydrostatic reverse mode 
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For their high-power tractors NH 
T 8000 and Case IH Magnum, CNH 
Industrial developed a power split 
CVT, which does not use the double 
clutch principle (as applied to two 
other CVTs from CNH), Fig. 5.82. 


The structure is input-coupled with 
a reverser between engine and split 
point. The planetary gearing delivers 
two output speeds, “low” at the car- 
rier and “high” at the right sun. The 
clutches Ki-K4 belong to the four 
ranges. The fixed 40° bent axis mo- 
tor offers slightly improved effi- 
ciency over that of an axial piston 
swash plate motor. 


In 2013, CNH introduced the dual 
clutch power split CVT of Fig. 5.83, 
It is similar to that of Fig. 5.77; how- 
ever, with half as many ranges. The 
two forward ones are automatically 
shifted at synchronized points, the re- 
verser L—R is power-shifted. 


In 2014, CLAAS introduced its 
power split CVT EQ 200, Fig. 5.84. 
It has some roots in the former CVT 
project SHL of Voith with further 
genes from P. Dziuba supporting a 
CVT development under Marcus 
Liebherr (1948-2010). The final de- 
sign of CLAAS with 45° Danfoss 
bent axis units incorporates a modern 
electronic CLAAS control system. 


The first range (forward-reverse) 
works output-coupled like the Fendt 
Vario: K1 is closed and the hydro- 
static unit H1 is driven by the ring 
gear, while the shift to range 2 (K2) 
reverses the hydrostatic power flow. 


Electric power split CVTs offer 
small further benefits in efficiency, 
but their DC power bus (Fig. 5.55) 
can drive implements etc. 

Such developments were announced 
late 2019 by John Deere (patent US 
9,562,592 B2) and by ZF. 
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Fig. 5.85: Power split transmission of the Yanmar tractors YT490, YT5101, and YT5113 (Japan 
2015) using the internal power split unit “I-HMT”, principle first for tractors by Yanmar in 2009 


An internal power split CVT was pro- 
posed as early as 1907 by Louis Renault 
[5.1]; however, with no breakthrough. 


A first use in series for tractors took place 
in 2009 by Yanmar (Japan) for their tractor 
ranges EG 300 and EG 400 (26-53 hp), 
based on US patent 8,302,525 B2 (filed 
Nov. 21, 2006). The company reports con- 
siderably higher efficiencies over “direct 
drive” hydrostatic transmissions (HMT), 
encouraging larger versions, Fig. 5.85. 


The diesel engine drives the CVT via the 
inner shaft (arrow). The outer output shaft 
is connected with the double clutch deli- 
vering the ranges R and Lo. The Hi range 
works with a second (external) power split: 
The output of the I-HMT is led to the sun 
gear of the upper planetary while the 
carrier contributes engine power, both com- 
bined at the ring gear. 


The three power-shifted basic ranges L, 
H, and R are combined downstream with 
two collar-shifted ranges L and H. A cree- 
per range is available as an option. The 
AWD works with a pull-in-turn overdrive. 


The transmission structure enables five 
PTO modes including a reverse and a 
ground drive PTO. The internal power split 
unit 1s input coupled; displacements are 
realized by the swash plate principle, Fig. 
5.86. The input shaft drives the cylinder 
block. The left stationary swash plate 
controls the ratio; the right-hand one de- 
livers the output speed at the reaction 
torque of the piston slippers. The connec- 
tion between the left and the right cylinder 
chambers is coordinated by a special inter- 
nal timing valve. 


,, Stationary oe with input speed 


/\\ Likes; “ym 
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Fig. 5.86: Principle of the Yanmar internal power 
split unit “I-HMT”, used for the YT tractor series. 
Courtesy Yanmar (Japan) 


146 5 Tractor transmissions 
3./ Transmission Wy | 
Components \ lee 
Flywheel ~ 
5.7.1 Clutches and Friction ~ Return spring 
shift elements linings [ jeg eich 
Friction K ever ctuator 
The cheapest concept for a plate é/ sockets 


master clutch and independent 
PTO clutch is a combination of 
both, Fig. 5.87. A diaphragm 
spring (with declining force in- 
crease versus travel) is under 
preload giving the necessary 
clamping force. Torque can be 


IY, 


(3) 


4 __ | s 
“J 


calculated with the effective Coil » 
radius tm (tm from equ. 3.6) and = SPFing 
typical friction coefficients of Diaphragm 


about 0.35-0.40 for dry linings. 
The nominal slip torque for 


moderate torque back-ups should a 


be about 250% of rated torque 
for the ground drive clutch and 
slightly less for the PTO clutch. 


Hydrodynamic couplings have been used 
for some decades by some tractor compa- 
nies in addition to a dry master clutch, 
mainly by Fendt (Germany), Fig. 5.88. 
They allow a very comfortable drive-off by 
only increasing the engine speed and they 
reduce dynamic torque loads on the whole 
transmission [5.82, 5.83]. 
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Combined dry clutches for driving and PTO, 


The power losses are low in the case of 
high engine speeds and low loads, Fig. 5.89, 
on average for a multi-purpose tractor 2-4%, 
the same for heavy full power operations. 

Fendt used the stored performance map 
for modulating power shifting of a trans- 
mission (Fig. 5.33) for high shift comfort. 
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Fig. 5.89: Performance of a hydrodynamic 
coupling. Courtesy F. Gorner, Fendt 
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Table 5.16: Design of the most important structures for manual gear shift with power interruption. 


Shift by sliding gear 

is the cheapest shift de- 
sign by far, as the func- 
tion of shifting is added 
to the upper gear wheel 
with almost no additional 
costs. Versions with syn- 
chronized shift are not 
possible. 

Typical application: Re- 
verse gear wheels for 
technology levels I-ll. 


Collar shift with invo- 
lute profiles is very 
often used for lower 
technology levels. 

Shift comfort is very 
limited but synchro- 
nized shift is possible 

as an option, more for ba- 
sic speeds than for ranges. 


Pin shift through a gear wheel 
can save space, which is 
mainly of interest for 
reverse speeds, as 
shown in Fig. 5.12. 
However, it requires 
outstanding pre- 

cision in meeting the 
very low tolerances of 
the circular pitch and the 
diameters of the bores. 


Synchronized shifts are usually 
designed with an automatic 
blocker to prevent clash. 

The shift collar has limi- 

ted rotational play. 

When it is operated, 

its friction force ro- 

tates it less than one 

pitch, blocking the 

shift. Shifting is done 
automatically when 

the friction moment dis- 
appears. This happens 

when the gear wheel and 

the collar have same speeds. 


Friction | circumferential oval hole 


Blocker position during synchronization 


3-D graphics courtesy ZF 


Notch for shift fork 


I Slidin 
engaged VE 
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Free riding Blocker with lining (e. g. brass) 
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Fig. 5.90: Typical relationship between 
shift force and shift time of a synchronizer 
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Fig. 5.91: Synchr. downshift: 7syn balances the 
clutch plate acceleration torque plus drag torque 
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Fig. 5.92: Position of a synchronized shift unit 
near the master clutch prevents the i° effect 


Engine 
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Fig. 5.93: Damper at transmission input 
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Dimensioning of synchronizers has to 
consider two basic criteria: 


1. Shift force (functionality, comfort) 
2. Thermal load (durability, wear) 


Downshift is always more critical than up- 
shift, Fig. 5.90, as explained below. 


Force x time = Shift quality index 


Example downshift, Fig. 5.91: the syn- 
chronizer must accelerate shaft 1. The mass 
inertia of the master clutch usually domi- 
nates; other mass inertia can be neglected. 
The clutch inertia must be converted to the 
lower shaft by i *. The downstream shaft 
represents the large tractor mass not being 
influenced by the shift. 


Synchronization time fy, for shaft 1 for 
constant forces during the shift is 


 low- W high I 


72 
‘Lelutch’ ! 5.14 
Tsyn- Ti drag aad 


t syn= 


where 

Mow = angular velocity of low speed side 

Mhisn = angular velocity of high speed side 

Tsyn = friction torque of the synchronizer 

Tarag = drag torque at the synchronizer 

Teiutch = Mass inertia of master clutch 

i =ratio of gear engagement(s) upstream 

In the case of an upshift the sign of the 
drag torque is positive explaining the lower 
curve in Fig. 5.90 (drag torque “helps’’). 


Rule: The i? effect recommends locating the 
synchronizer at the upper shaft, Fig. 5.92. 


The thermal load depends on the type of 
synchronizer, the shift force, the coefficient 
of friction, and the cooling (cooling in trac- 
tor transmissions often by using forced lubri- 
cation systems). Units with multi-layer fric- 
tion elements can further increase capacity. 


Modern diesel engines have a high torque 
pulsation not fully compensated for by the 
flywheel. The main reasons are high power 
density and low nominal speeds. Dampers 
are common, Fig. 5.93. They work with 
friction or (better) with hydrodynamic damp- 
ing elements. 
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Shift mechanisms of manual tractor 
transmissions are similar to those of pas- 
senger cars or trucks but have to operate 
more speeds. A typical schematic configu- 
ration for six basic speeds, Fig. 5.94, has a 
shift lever which operates the three sliding 
selector shafts via the indexing shaft. 


Tractors of the lower technology levels I 
and II often use central shift levers (dashed) 
being the cheapest design while the offset 
position (right hand of the driver position) 
is typical for slightly more comfort and 
cabs with a flat bottom, see also the ZF 
transmission of Fig. 5.95. 


Critical synchronized shifts of tractor 
transmissions (mainly for range and re- 
verse shifts with high i* terms) need high 
operating forces (equ. 5.14). High reduc- 
tion ratios of the linkage reduce hand 
forces but increase shift lever travels. 


Travel ratios of about 6 to 10 are cho- 
sen as a compromise, upper values if the 
synchronizer unit offers short shift tra- 
vels [5.84]. All contacts of the linkage 
should be surface-hardened. 


It has been noted that a pin shift 
through a gear wheel (Table 5.16) can 
Save space and costs, but can be critical 
in production regarding the necessary 
tolerances. In the case that they are not 
perfectly machined, the pins are not 
loaded equally, and they can be de- 
flected under peak loads with the danger 
of popping out after some time. However, 
the possibility of shifting through a gear 
wheel can be attractive. 

An interesting alternative design is used 
by ZF, Fig. 5.96 (element of Fig. 5.30). 
Low circumferential pitch tolerances can 
be machined easily with involute spline 
profiles, a standard design for shift collars. 


The right hand shift collar has two sec- 
tions of involute splines which are moved 
axially through the two “windows” of the 
left gear wheel engaging with an idler gear 
(not visible in Fig. 5.96). 
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Fig. 5.94: Shift mechanism 
for six speeds with two pos- 
sible lever positions 


Fig. 5.95: Shift mechanism for six speeds for- 
ward (right) and two split ranges and reverse 
(left). Courtesy ZF (transmission T 3000, 1970) 


Fig. 5.96: Collar shifting through gear wheel 
“windows” by two stems. Courtesy ZF 
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Fig. 5.97: Wet multiple plate clutch, important for power shifted tractor transmissions. The shifting is 
done by hydraulic pressure (often about 20bar = 2MPa = 290psi), disengagement by coil springs 


Fig. 5.98: Typical 
plate with layer of 
sinter bronze and 
grooves for cooling 
and fluid draining. 


Courtesy Ortlinghaus GmbH 


Coefficient of friction 


16 m/s 20 


Sliding velocity 


Fig. 5.99: Measured coefficients of friction for steel 
against sinter bronze after 400h of running in [5.85] 


Wet multiple plate clutches 

The main sizing criteria are the torque 
capacity and the thermal capacity. 

The transmitted torque T (not including 
centrifugal pressure effects) 1s 


2.7) 
3 (72-7?) 


T=Z-Fy (5.15) 


fe, ae 
effective radius ~ 1/2(%+7,) 
where 
z= number of friction surfaces 
Fx = axial actuating force 
= friction coefficient 
ra, and r; = outer and inner friction layer radii 


The simplified formula for the effective 
radius is 2 (r,+1,), which represents a very 
small error for multiple plate clutches. 
Regarding the example of Fig. 5.97, the 
precise value is only 0.7% larger than when 
calculated with 2 (r,+1;). 


Wet multiple plate clutches usually work 
in transmission oil, suggesting special ad- 
ditives. Steel plates against layers of 
grooved sinter bronze are popular and ro- 
bust, Fig. 5.98, unfortunately with low 
coefficients of friction, Fig. 5.99. The right 
peak represents high shear in the oil film, 
the left one rigid surface contact. Such a 
combination can withstand local tempera- 
tures of up to about 300°C. 
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Higher and more uniform coefficients of 
friction can be achieved with “paper” lay- 
ers, Fig. 5.100; however, with slightly lower 
temperature limits of about 250°C. Cooling 
by transmission oil is usual. Contact pres- 
sures are about equal to actuating pressures. 


Engaging the clutch needs a proper pres- 
sure modulation to achieve a comfortable 
shift, preventing layer overheating and 
limiting powertrain loads [5.38]. The con- 
trol program has three phases, Fig. 5.101. 
The maximum torque capacity at the end is 
usually about 180-220% of the nominal 
torque. Power shifts require a certain over- 
lapping of the pressure for the released and 
the newly loaded clutch [5.11, 5.38]. 


High torque loads and long slipping times 
must be handled in the case of forward- 
reverse “power shuttles” as the complete 
tractor mass must be decelerated to zero 
speed and again accelerated. Simulation 
models are recommended [5.86]. 


Drag losses can be a problem in the case 
of high speed differences of unloaded plates 
[5.87]. They can be minimized by 


- Steel plates with light waves 

- Grooves in the friction layer 

- Spring type retraction spacer 

- Interruption of cooling flow 

- Experimental optimization (idling torque) 

Freewheeling units can simplify a two 
step power shift considerably, saving one 
clutch and simplifying the shift control; see 
the famous “Torque Amplifier” of IH (1954) 
and MF “Multi Power’ (1961). 

Clamping type units, Fig. 5.102, are 
simple, but their uncertain delay for build- 
ing up the torque can be a risk. This pro- 
blem terminated, for example, the devel- 
opment of the announced Deutz Hi-Lo 
power shift “Multimat” based on a study of 
the author in 1966. Freewheeling engage- 
ment mechanics are easier to forecast for 
positive engagement, Fig. 5.103, which 
may be one reason that MF used a positive 
locking unit for the Multi Power. 
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Fig. 5.100: Coefficient of friction of “paper” layers 
against steel plates for wet multiple clutches af- 
ter 400 h of running in [5.85] 
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Fig. 5.101: Modulating the actuating pressure 
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Fig. 5.102: Freewheeling unit with clamping 
engagement. Based on data of Ringspann 
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Fig. 5.103: Freewheeling unit with positive en- 
gagement 
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Table 5.17: Rolling bearings, guidelines 


Bearing type 


Ball 
OZ 


Cylindr. roller 

Yl Y) Yili 
ral: Li 

CMLL CILLA 


Tapered roller 


YiLPe_._- 
_f 


\ 


Design guidelines 


Universal bearing for com- 
bined radial and axial loads. 
Cheapest bearing for low 
loads. No adjustments. Tol- 
erates certain angle errors. 
Expensive for high loads. 


Cheap in the case of high 
radial loads, typical floating 
bearing. Special designs can 
carry limited axial loads by 
hydrodynamic oil films (right). 


High axial and radial load ca- 
pacity. Often used in pairs, 
needing proper adjustment. 
Cheap in the case of high 
loads. Excellent ability for stiff 
bearing systems of shafts, 
also with overhang pinions. 


Needle bearings, four typical applications 


VL 
ht - 
MMMM 


_Boring and shaft neither stiff 
~ nor hardened 


= Boring and shaft stiff, but not 
za hardened 


zz, Boring stiff, but not hardened, 
shaft hardened 


- Boring and shaft stiff and 
both hardened 


Fig. 5.105 (right): Influence of axial play or pre- 
load for tapered roller bearings. 


Preload adjustment 
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Gear wheel idles on a journal bearing 
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5.7.2 Transmission bearings. 


Rolling (anti-friction) bearings are stan- 
dard, journal bearings in special cases only. 


Small transmissions should use ball bear- 
ings because of their low specific price at 
low loads, Table 5.17, while cylindrical 
and tapered roller bearings are economic 
for large loads (large transmissions). 


Detailed bearing specifications are offered 
by the bearing manufacturers. Dimensions 
and nominal load capacities are standar- 
dized in ISO 281 for defined life probabil- 
ities, usually 90%. Axial and radial loads 
are combined to equivalent radial loads. 

Tapered roller bearings are mostly used 
in pairs with light axial preload, Fig. 5.104. 

Axial preload can improve the load capa- 
city, Fig. 5.105, but needs very careful ad- 
justment and effective oil cooling. 
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Fig. 5.104: Design of a transmission shaft with preloaded tapered roller bearings, detail of Fig. 5.29 
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The combination of a fixed and a floating 
bearing can be considered a recommended 
standard system, Fig. 5.106. 


Ball bearings can carry combined axial 
and radial forces while cylindrical roller 
bearings can carry high radial forces, but in 
the case of Fig. 5.106 no axial forces. 


Small gearboxes (for example of many 
Japanese tractors) are cost effective with 
simple ball bearings, which can also be used 
for preloaded pairs (Fig. 5.104) or without 
axial play as an alternative to the principle 
of fixed and floating units, Fig. 5.107. 

The nominal load capacity C (ISO 281) is 
the constant radial or axial load of bear- 
ings to perform one million rotations, usu- 
ally with a tolerated failure rate of 10% 
(B10 life Lio). 

For loads F other than the nominal load 
C, the expected life L for all bearings is 


i= sak 10° rotations (5.16) 


where a = 3 for ball bearings and a = 10/3 for 

cylindrical roller bearings 

This equation can be regarded as the 
finite life fatigue leg of an S-N curve. 

Failure rates lower than 10% reduce the 
life L being addressed by special factors. 

A radial load Fr and an axial load Fax 
(Fig. 5.106) can be combined to an equi- 
valent radial load F: 


F=X-F,+Y-F; (5.17) 


The factors X and Y are listed within the 
specifications of the manufacturers. 


If the load is not constant, the following 
methods of dimensioning are used: 


1. The original Palmgren equation, 
published in 1924 [5.88]: 


mM, Mo. M3 
mnt nt =I (5.18) 
where 


= bearing rotations under load | etc. 
= bearing life (rotations) under load | etc. 
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Fig. 5.106: Design of a shaft bearing system with a 


fixed and a floating rolling bearing 
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Both bearings carry radial and axial forces; 
adjustment (x), for example, with zero axial play 
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Fig. 5.107: Low cost design of a shaft bearing 
system: Axial fixing using combined ball bearings 


This “linear cumulative damage” assump- 
tion was later extended by the Miner rule. 


2. An equivalent bearing load Feq insert- 
ing load fractions 1 to 1 with related time 
fractions from a load history: 


Fog=\2 7 olAP ti) 


where 


(5.19) 


a = bearing life exponent, see equation (5.16) 
t = total lifespan 
F, = bearing load during time segment 1 

= period of time of load segment 1 


3. Load spectrum and its direct combina- 
tion with the live data of the bearing. Load 
spectra in time portions are suitable if the 
bearing speed at the main loads is relatively 
constant, which is mostly the case for trac- 
tors. 


Otherwise speed-triggered samples are 
recommended [5.21]. 
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S— = Nominal dynamic 
* = NS load capacity C 
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d: Adjusted life (ISO 281) 
for very clean oil and 
kin. viscosity 20mm2/s 
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Fig. 5.108: Dimensioning of a tapered roller bearing for a given load spectrum of a tractor trans- 


mission final drive: a) 


sum frequency, b) class frequency [5.89]. c) standard live algorithm, 


d) modified rating life ISO 281. Cumulative damage calculation based on Pa/lmgren [5.88] 


The author has recommended method 3 
since 1977 [5.89], Fig. 5.108. The load 
spectrum is usually represented in sum 
frequency (a) but the Palmgren-Miner rule 
needs a class frequency (histogram, b). The 
size of the bearing is acceptable if the sum 
of all the partial damage values is <1 (5.18). 


100 


Curve (c) of nominal rating life can be 
improved if the oil is very clean and the ki- 
nematic viscosity higher than the standard 
value resulting in adjusted rating life (d). 


The torque load scale of this diagram of- 
fers an excellent basis for running and doc- 
umenting lab tests, Fig. 5.109 [5.89]. 
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Transmission final drive torque load 
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d: Adjusted life (ISO 281) 
for very clean oil and 
kin. viscosity 20mm2/s 
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Number of cycles = bearing eee N (log) 


Fig. 5.109: Design verification by lab tests, starting, for example, with constant load (single stage). 
Probability should be documented for both, the load spectrum and the bearing life 
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Plain radial journal bearings can car- 
ry very high loads as demonstrated by bear- 
ings of connecting rods and crankshafts of 
diesel engines. Journal bearings are cheap 
but designing them can be challenging. 
Fundamentals are presented in [5.90-5.95], 
main parameters listed in Table 5.18. 


A reliable journal bearing needs perfect 
separation of the sliding surfaces under 
load. This is achieved by rotation of the 
shaft, the bushing, or the load developing 
hydrodynamic pressures to carry the load. 


A notch for “lubrication” in the contact 
area is a severe mistake, as it drains the 
film pressure, reducing the load capacity. 


In 1902, Richard Stribeck (1861-1950) 
presented typical characteristics of friction 
coefficients versus shaft speeds [5.90], con- 
firmed by Georg Vogelpohl (1900-75) [5.91] 
and others [5.92]. 


Plotting the friction coefficient f versus the 
rotational speed is not recommended as it 
is very difficult to keep the local viscosity 
constant (often ignored). Better to use the 
Giimbel-Hersey number 1-@/p [5.93] de- 
manding only the measurement (not the 
control!) of viscosity 7, shaft speed @, and 
averaged load pressure p, Fig. 5.110. In- 
depth analysis of journal bearings uses the 
similarity Sommerfeld number: 

B.w? 
So = mo 
- with symbols according to Table 5.18 


(5.20) 


The position of point C depends on the 
relation of fluid film thickness and surface 
roughness [5.94]. A rough estimation of the 
related speed was presented in [5.95]: 


F |kpl 


ni [rpm] = Ci nIcPI-Vol lit] 


(5.21) 


where 

ny = Speed of point C in Fig. 5.110 [rpm] 

F =nominal journal bearing load [kp] 

Ci = coefficient for surface quality (~ 1-3) 

yn = dynamic oil viscosity [cP = 10° Ns/m7] 
Vol= volume = shaft dia. x bushing width [liter] 
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Table 5.18: Parameters of journal bearings 


- Vertical bearing load ....... eee eeceeeeeeees F 

- Bore of DUSHING ......... cece eee eeeeteeesteeeteees D 

- Diameter of shaft ........ eeeeseeereeenees d 

- Relative bushing width ...................8 b/D 

- Averaged load pressure ............ p=F/bD) 

- Relative clearance ...............00 W=(D-d)/d 

- Surface roughness of shaft .................0.. R| 

- Surface roughness of bushing ................ R> 

- Dynamic viscosity of fluid wo... ee " 

- Angular rotational shaft speed ................. @ 

- Materials of shaft and bushing 

- Hardness of shaft and bushing surfaces’ z 
- Cooling flow 2 


L Breakaway, for example f= 0.12 (bronze-steel) 


Pure hydrodynamic fluid fric- 
tion ey metallic contact 


Mixed friction 


Almost concentric 
y 


Eccentric 7 
shaft: f3-|-- 


\ 


Coefficient of friction, f 


Minimum: typical values after 
running in: f~ 0.0015-0.004 
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0 Giimbel-Hersey number ? 


Fig. 5.110: Typical characteristic of a journal 
bearing, plot of the friction coefficient f versus 
the Gimbel-Hersey number 1).@/p [5.91, 5.93]. 
Symbols are explained in Table 5.18 


The larger the Ci, the lower (better) the ni. 
Examples of journal bearings were analyzed 
in [5.95], guidelines for applications in trac- 
tor transmissions are given in Table 5.19. 


Table 5.19: Design guidelines for journal bear- 
ings in tractor transmissions for shaft diame- 
ters of = 30—80mm. Symbols from Table 5.18. 
IT = ISO International tolerance grade 


P high,e.g.5MPa plow, e.g. 0.2 MPa 
@ very low w@ very high 


bronze, fine turned 
Shaft ... steel, surface hardened and ground 
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Oil flow ..... very low high (heat) 
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5.7.3 Gear wheels 


Introduction. Gear wheels 
are very important for the 
transmission costs as they are 
not only costly by them- 
selves but also influence the 
costs of surrounding elements 
such as shafts, bearings, hous- 
ings, and oil fillings. 
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Base circle Driven 


Line of action 


_ 


~ 
Driving 


Fig. 5.111: Engaged involute gears, basic geometry 


Table 5.20: Typical gear losses, % [5.96] 


Power losses Max. 

Gear type loadinduced by splash ratio 
Externalspur 0.8-1.2% 0.2-1.0% 5:1 
External helical 0.9-1.4% 0.2-1.0% 6:1 
Spiral bevel 1.3-2.5% 0.2-1.0% 6:1 
Speed (rpm) Speed (rpm) : 

Ratio ——» o 


Table 5.21: Guidelines for cost-effective trans- 
missions, as influenced by their gear wheels 


- Low center distance of shafts 

- Case-hardened steels such as 16MnCr5, 
20MnCr5,14CrNi6, 18CrNi8, 18CrNiMo7-6. 
Case hardening depth about 15% of module 
Surface hardness 58-63 HRC 

- For planetary ring gears also 42CrMo4 

- Allgear wheels based on forged green bodies 

- Helical gears (15-25°, performance, noise), 
direction and value of angles on one shaft 
should compensate for axial bearing loads 

- Shot peening for increased bending strength 

- Positive rack shift at the pinion (performance) 

- Nominal pressure angle (tool) 20-25 (28)° 

- Tooth root radius as large as possible 

- ISO quality 6-8 (ground after hardening) 

- Geometric corrections in the cutting process 
for compensated deflections under load 

- The four basic S-N curves (in load scale!) 
adjusted to the load spectrum (Fig. 5.112) 
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Table 5.22: The four basic criteria of dimension- 
ing a two-gear system of a transmission 


— 


- Pinion tooth bending 
- Pinion tooth surface stress 


- Wheel tooth bending 
- Wheel tooth surface stress 


Involute profiles are the standard geo- 
metry, Fig. 5.111. 


They are easy to define and to generate 
by a reference tooth rack with linear flanks 
and they offer a favourable tolerance 
against center distance errors. The point of 
contact moves on a straight line which is a 
tangent on both base circles. 


The transfer of the circumferential force 
can be understood as a slipless rolling of 
two cylinders, each with the pitch circle 
diameter. In reality there is pure rolling 
only at the pitch point, with negative and 
positive specific sliding aside it during the 
contact. 

However, it is mainly the partial rolling 
which creates extremely high elasto-hydro- 
dynamic fluid pressures of up to the very 
high value of about 2500 MPa. 


The oil film generation is supported by a 
huge increase of the dynamic viscosity due 
to the very high pressure; the partial rolling 
explains the low losses, Table 5.20 [5.96]. 


Tractor transmissions have a high power 
density, Table 5.21 gives recommendations 
for the design of cost-effective gears. 


Case-hardened high-grade steels are stan- 
dard materials for gears of tractor trans- 
missions, offering best possible strength for 
tooth bending and flank surface pressure. 


Two gears represent a gear system and 
must always be designed together. There 
are at least four criteria of dimensioning 
important for transmissions, Table 5.22. 
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“S- N CURVES” = onl eee 
(PROBABILITY OF 90%) =o oe 
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Fig. 5.112: Cumulative damage diagram for a pair of gear wheels demonstrating optimized dimen- 
sioning by S-N curves, scaled in axle torque, coping with a given torque load spectrum. Cumulative 


damage sum (Palmgren-Miner-Haibach) = 1. 


Dimensioning of gear wheels. Several in- 
teresting publications have been presented 
to find the most economic specifications. If 
they are based on constant nominal loads, 
an optimum is usually not possible in the 
case of tractor transmissions as they are 
subjected to a very huge bandwidth of 
torque loads. Assuming constant loads can 
result in confusing safety factors (shown in 
Table 5.26 below). This situation moti- 
vated the author around 1968 to start basic 
investigations at TU Braunschweig along 
with analyzing the gear wheels of several 
mass-produced tractor transmissions. 


After being employed in 1973 by KHD 
(Deutz), he developed an optimization as 
presented first in 1976 in the US [5.23] and 
in 1977 in Germany [5.89], Fig. 5.112. 


The diagram shows optimal “S-N curves” 
for a given load spectrum. It is scaled verti- 
cally in torque (not in stress) in order to 
demonstrate the gradation and to simplify 
lab tests. Therefore, the “S-N curves” could 
also be termed “T-N curves”. The horizon- 
tal scale represents the number of cycles 
(engagements), normalized for the pinion. 
This allows keeping the load spectrum 
fixed. Each “S-N” curve represents an ideal 


Original diagram of Renius 1976 [5.23] 


position, found by applying the cumulative 
damage calculation of Palmgren-Miner- 
Haibach [5.89]. The beginning of infinite 
life for bending was originally set at 2 x 10° 
cycles and for pitting at 5x 10’ cycles. 

ISO 6336-3 now recommends an infinite 
life of bending from 3 x 10° cycles. 


The benefit of this strategy is that the op- 
timal “S-N” curves are graded, offering po- 
tential for cost savings for three of the four 
basic criteria, with the largest effect for pit- 
ting of the bull gear (see also chapter 8.2). 


The statistical reliability of the procedure 
can be influenced by the probability of the 
load spectrum and of the S-N curves (90- 
95% recommended for both). Additional safe- 
ty is possible by reducing the damage sum, 
for example for bending from 1.0 to 0.5. 


The “Palmgren-Miner-Haibach” rule was 
proved by research projects at TU Munich 
[5.97-5.100]. The author states from long 
term experience that the main uncertainty 
is not the damage model, but the forecast of 
(load-based) S-N curves. Hence, gathering 
experience is highly recommended. 


General fundamentals see [5.102, 5.103]. 
Important standards: AGMA 2001-D04, 
DIN 3990, and the ISO family ISO 6336. 


Forging 
contour 


j Fig. 5.113: A forged 
ay, . 
green body increases 
bending strength and 
saves material 
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Tool (rack) 


hile shift coefficient 0.5 


Pe . 

No rack shift Pitch and base circle constant 
Fig. 5.114: Influence of a positive rack shift of 
0.5 x module on the tooth shape. Pinion with 12 


teeth. Very common to increase tooth stability 


Ee side Ee 


Directional error, reduces Uniform contact pattern, 
load capacity considerably offers full load capacity 
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Fig. 5.115: Misalignment of teeth 


Typically at least +15% 
for a correct process 


\ Standard 


Tooth bending stress (log) 


Unlimited life 
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Limited life 


107 3-10° 
Number of load cycles (log) 


10° 


Fig. 5.116: Increased bending endurance limit 
for gears of carburized steels by shot peening. 
Load cycle sections according to ISO 6336-3 
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Factors to be applied for achieving the 
optimal ‘‘S-N” curves. The strategy is 
based on Fig 5.112. The infinite life load 
level of the four “S-N” lines (in load scale) 
are influenced by the following parameters: 


- Module: Large values usually favour bend- 
ing strength, reduce pitting resistance. 
Module = ref. circle dia. /number of teeth 


- Material: Cr-Ni steels offer slightly higher 
bending endurance limits than 16MnCr5 
or even 20MnCr5. 


- Forging (green body) increases bending 
strength (versus blank), Fig. 5.113. 


- Heat treating: The higher the surface hard- 
ness, the higher the pitting resistance. 
Usual values for hardness: 58-63 HRC. 


- Rack shift coefficient: Positive values (re- 
tracted rack tool) increase bending strength 
due to a larger tooth base. The lower the 
number of teeth, the higher the influence 
on the shape, thus being very important 
for pinions, Fig. 5.114. 


- Correct contact pattern: Misalignment of 
the teeth, Fig. 5.115, reduces the endu- 
rance limit for bending and pitting dra- 
matically. The cause is often an elastic 
deformation which can be compensated 
for by a special cutting or grinding process. 


- Pressure angle: Increased values (above 
20°) can improve bending strength. 


- Surface quality: Low values of surface 
roughness increase pitting resistance. 


- Oil: High viscosity and adequate addi- 
tives increase pitting resistance; however, 
high viscosity also increases splash losses. 


- Shot peening notably increases the bend- 
ing endurance limit, Fig. 5.116 [5.104], re- 
ducing the spread at the same time [5.105]. 


All these listed influences can be used to 
optimize the “S-N” curves in the sense of 
Fig. 5.112, saving costs by their graded 
position. An early systematic application 
was the Deutz tractor transmission TW90 
[5.106], successfully introduced and pro- 
duced in about 150,000 units. 
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Calculation of bending stress. The max- 
imum bending stress is generated when the 
tooth force acts on the outer point of single 
tooth contact. The compressive stress (on 
the left side, not shown) is slightly higher 
than the tensile stress on the right side 
because of the radial force; however, 
cracks are usually initiated by the right 
tensile stress, Fig. 5.117. The calculation is 
standardized in ISO 6336-3: 


Ft 
Oo. = ‘ , 
F Y, ‘8 shaders ei (5.22) 
Tooth Stress \ 


form correction Further factors 
where 
F, =nom. force = torque/reference radius 


b = effective gear face width 
Mm, = normal module 


The factor Yp mainly considers the con- 
version of the basic bending mechanics to 
the use of the expression Fy;/b-m,, and Ys 
considers the notching effect due to Pr. 


Ys depends very sensitively on the tooth 
root radius Pr. It is highly recommended 
that Ys is kept as low as possible [5.107] by 
defining the cutting tool for the largest pos- 
sible radius PO» (computer simulation). 


Special cases. If gear teeth are loaded 
cyclically from both sides (e. g. in a plane- 
tary gearing) with the same load and ser- 
vice time, the bending stress endurance 
limit must be reduced by a factor of 0.70 
(ISO 6336-5) or 0.75 [5.108]. 


Another special case is a low rim thick- 
ness. The guideline of Fig. 5.118 [5.109] 
stands for full bending capacity. 


Schubert: Sp2 1.4-h 
ISO 6336-3: $p23.5-mn 
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Fig. 5.118: Necessary rim thickness for full bend- 
ing capacity without a reduction factor [5.109] 
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Force 


Max. tensile stress 
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Fig. 5.117: Geometry and tooth bending. Note the 
stress increase as a result of the notching effect 


Direction 


/ 
Contact 
stress 
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Fig. 5.119: Contact stress and Hertzian stress 
of an elasto-hydrodynamic gear contact 


Calculation of contact stress. The contact 
force creates contact stress, Fig. 5.119, 
with a maximum which is responsible for 
fatigue, resulting in pittings when the fa- 
tigue limit is exceeded. 


The Hertzian stress calculation is stan- 
dardized in ISO 6336-2 resulting in 


FE, 1 
Gee i hee (5.23) 
] 
Five Four 


factors factors 

where 

F,, =nom. force = torque/ reference radius 

b = gear width 

d, = reference diameter of pinion 

u = gear ratio (out/in), neg. for internal gears 

Note, that Oy is not proportional to nom. 
load F, but proportional to its root F,"! 
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Fig. 5.120: Material structure (polished cut) of 
gear wheels for three production processes 


— --—--—-—. 
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Fig. 5.121: Material struc- 
ture (polished cut image) 
of a bull gear of a tractor 


x 
final drive. Dross lines 
should be radial oriented, 
not ideal in this case. g 
Source: Author 5 
© 


0104 
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Fig. 5.122: Example of a forged gear green 
body. Courtesy KHD (Deutz) 
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Calculation of ‘‘S-N” curves. Horizontal 
legs are found when their level corresponds 
to safety factor 1.0 and life factor 1.0. 
Equations (5.22) and (5.23) are used to find 
the related nominal loads F;. The endurance 
limit inflexion points (Fig. 5.112) require 
the following values: 


- Endurance limits for Of and Oy 
- Inflexion point pitting: 5-10’ cycles (ISO) 
- Inflexion point bending: 3-10° cycles (ISO) 
A similar procedure is carried out for the 
inflexion points for the static load limits: 
10° cycles for pitting (ISO 6336-2) and 10° 
for bending (ISO 6336-3). The calculated 
tangential loads are converted to torques. 
The results allow plotting of the four “S-N” 
curves (in log-log scale, Fig. 5.112). 
Forging of green bodies (Fig. 5.113). 
This is a very common method for vehicle 
transmissions including tractors. Forged 
green bodies are the first step of producing 
gear wheels with the following advantages: 


- Material savings 

- Machining effort and energy savings 

- Higher material strength, mainly for 
tooth bending 


Two effects improve the strength: 


The first one is the influence of the struc- 
ture of dross lines, Fig. 5.120 and 5.121. 
These lines should have a radial direction 
in order to get high bending stress limits. 


The second effect is a densification of the 
material initiating preloaded stresses. 


It may be noted that the bevel planets in 
the differentials of many vehicle axles are 
usually only forged, Fig. 5.120, Version c. 


The structure of Fig. 5.121 is not very 
satisfying (no perfect radial lines). If a rein- 
forcement is required, a vertical exaggera- 
tion of the forged green body in the top 
area could improve the radial orientation. 

Forged green bodies need a drawing for 
machining the forging tool as demonstrated 
by Fig. 5.122 for a realized example. 
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Example of specifications of a gear set. 
In order to give an impression of the typical 
data and their complexity, they are listed as 
an example in Table 5.23 which may also 
help to test computer programs. They are 
highly recommended for completing basic 
data and plotting the final geometry for 
visual validation. 
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Table 5.23 is an output extract of the 
program StPlus, which was developed by 
the Gear Research Center FZG of TU 
Munich in co-operation with FVA (German 
Research Association of Drive Systems). 
The gear set is used for a laboratory test 
rig. The grade of accuracy can be slightly 
lower for tractor transmissions 


Table 5.23: Example of specifications and geometry of a gear set. Data and 
original geometry plot courtesy K. Stahl and M. Hain, FZG TUM Munich 2017 


Number of teeth 

Center distance, mm 

Face width, mm 

Material of both 

Heat treatment 

Surface hardness, HV (HRC) 


Helix angle at pitch diameter, deg 


Grade of accuracy (DIN 3961) 
Tool normal module, mm 
Transverse module, mm 
Tool pressure angle, deg 


Working transv. press. angle, deg 


Sum of profile shift coefficients 
Profile shift coefficient 
Normal circular pitch, mm 
Length of path of contact, mm 
Transverse contact ratio 
Overlap contact ratio 

Total contact ratio 

Base diameter, mm 

Working pitch diameter, mm 
Standard pitch diameter, mm 
Radius coeff. of tool tip 
Generating profile shift 


Pinion Gear wheel 


18CrNiMo7-6 
case carburized 
750 (62.2) ... 750 (62.2) 
29.0000 


0.0767 


98.698 
107.609 
106.904 


107.671 
117.391 
116.622 


0.1524 


Geometry plot: 


Base circle 


7 


. 
poke 
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5.7.4 Planetary gear systems The most-used configuration is shown in 
Fig. 5.123, very important for tractor final 
Planet drives, sometimes used for gearbox range 
gear P ~ shifts (MF 65) and power split CVTs (ZF). 
Car- ~ It offers outstanding power density due to 
rier C Fig. 5.123: Configu- the power split between sun and planets, 
Sun -— ration of the three- Fig. 5.124. 
haft standard plane- 
ae > g ie ° Sane ar In the case of three planets, the sun gear is 
ba p- ce three planets self-centring if (zs +Zp)/3 equals an integer 


(zyand Zp see Table 5.24). This spares a bear- 
ing and delivers a perfect torque distri- 
bution. Four planets are usually not able to 
increase the torque capacity linearly by a 
factor of 4/3 but, for example, by 20-25%. 
The seven potential ratios for the standard 

planetary are demonstrated in Table 5.24. 
Fig. 5.124: Two gear =—s The ratio of ns/nc is very important for 
systems for same ratlo actor final drives. The upper limit of a 
and about the same 7 

about 9:1 is very cost-efficient but requires 
power level [5.110] ae 

high skills in design and testing. 
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Table 5.24: Standard planetary system, practical ratios. z= number of teeth, n = rotational soeeds 


Willis equation Ns-Z5+ Ne-ZR=Nc:(Zo+Zp) enables 6+ 1 ratios 


Two geometry extremes = 
Assembly condition for equally spaced planets: (Zs+|Zpl)/3 = integer 


i=-1.60...-7.67 P2113 7. 1:03 i=2.60...8.67 
1/i=-0.13...- 0.63 Wi= 62... 086 1/i=0.12...0.38 


@©®Renius 
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-7 -6 -5 -4 -3 -2— =-1 0 Z 3 4 ms 6 7 8 
Reverse Blocked Ratio 7 = input/output speed 


5 Tractor transmissions 


Example of a power reverser planetary 
structure. A forward-reverse power shift is 
difficult with the standard planetary, as a 
reasonable ratio of about -1.0 to -0.9 for 
tractors is not possible, Table 5.24. 


A recommended solution is the structure 
of Fig. 5.125 which was, for example, ap- 
plied by John Deere in several transmis- 
sions with the advantage of a compact 
installation space. 

The forward ratio is 1:1 (clutch closed, 
system blocked). Calculation of the reverse 
ratio is possible with the Willis equation. 

Robert Willis (1800-1875) was a British 
engineer; his model for three-shaft plane- 
tary systems is astonishingly simple and 
universal and shall be applied to this case 
as an example: 


Ng - Ip:Np- (1-ip)-Nc = 0 (5.24) 


where 
Ns = rotational speed of sun gear 
io = Stationary ratio (at carrier speed nc = 0) 
NR = rotational speed of ring gear 
Nc = rotational speed of carrier 
The value for io 1s in this case: 
lo = Zr/Zs With z for the number of teeth. 
The actual ratio in reverse mode can now 
be calculated by inserting ng = 0 (brake en- 
gaged), Io = Zr/Zs and Zp positive in equa- 
tion (5.24) which results in: 


Nc ] 


at - (5.25) 
NS |-Zp/Zg 


The numbers of teeth are proportional to 
gear wheel diameters. This means that the 
diameters of Fig. 5.125 can be used for 
estimating the reverse ratio; in this case, 
about 0.9 from equation (5.24). This means 
that the reverse speeds are about 11% faster 
than the forward speeds. Such a value 
meets typical market demands. 


John Deere has produced this power re- 
verser in very high volumes, mainly for 
tractors of the 6000 line since its intro- 
duction in 1992 (Fig. 5.32). 
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Foard L _} z-number 


clutch, of teeth ; 
blocking uu = n-rot. speeds z 
(1:1) Reverse brake © 


Fig. 5.125: Planetary system for a power rever- 
ser. Clutch: Forward; brake: Reverse. 
Applications see, for example, John Deere 4- 
speed power shift and John Deere CVTs 


Hydro input 9 Output Eng. 
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hydro unit 


Opposite to eng.| As engine 
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Fig. 5.126: Analysis of the standard planetary 
with the “Kutzbach” speed chart [5.111]. 
Example: Graphic solution for the carrier speed 
of the merging planetary of ZF CVT, Fig. 5.71 


The “‘Kutzbach chart’ is recommended 
to demonstrate the internal movements with- 
in a planetary, mainly for the case that all 
shafts are in rotation. 


As an example, Fig. 5.126 shows the merg- 
ing planetary of the ZF CVT of Fig. 5.71. 


If the engine speed and the hydro unit 
input speed are given, the dotted line of the 
planetary wheel can be drawn. The key for 
doing this is the fact that the planetary 
wheel has the same circumferential speed 
as the sun gear at their inner contact and 
the same circumferential speed as the ring 
gear at their outer contact. Between these 
contacts, speed distribution of the planets is 
linear; interception leads to output speed. 
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Calculation of cycles for standard pla- 
netary gear wheels. Cycles are needed for 
fatigue dimensioning, Table 5.25. 
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The sun gear has the highest number of 
contacts and usually needs the most inten- 
sive efforts to achieve adequate life. 


Table 5.25: Number of engagements for the three gear wheels of a standard planetary 


(Fig. 5.123) for one rotation of the carrier 


Total number of contacts of sun gear for one carrier rotation 


Contacts of planetary gear (with sun gear) for one carrier rotation 


Contacts of planetary gear (with ring gear) for one carrier rotation 


Number of contacts of the ring gear for one carrier rotation 


Notation: p = number of planets, other symbols see Table 5.24 


The number of planets p is often three, 
with the important advantage that the sun 
gear 1s well self-centring with no need for a 
second bearing, Fig. 5.127. 


Fixed _ 

Be eae Tapered 
= roller 

te i ta bearings 

a J aA 


Self-centring sun, 
no second bearing! 


rn 
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Fig. 5.127: Self-centring of the 
sun gear of a rear axle plane- 
tary with three planets 
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The torque capacity of the standard pla- 
netary can be increased by using more than 
three planets, Table 5.26. 


However, the additional performance 
gain is slightly below ideal conditions and 
the maximum possible reduction ratio is 
lower than with three planets. Because of 
these reasons, tractor rear axles usually 
have three planets; front axles sometimes 
four (ZF) and very seldom five. 


The teeth of the sun gear must be cut 
with relatively large corrections in order to 
compensate for the high torsion deflection 
because of the multi-contacts and its usu- 
ally small diameter. This requires special 
skills in design with FEM modelling and 
final tests. The sun gear also needs excel- 
lent materials and treatments. 


Table 5.26: More than three planets increases torque capacity but decreases max. reduction ratio 


Torque capacity, ideal 100% 
Planetary loads uniform 
Torque capacity, realistic 100% 
Maximum reduction ratio very high 


167% 
almost uniform 
about 155% 
moderate 


133% 
almost uniform 
about 125% 
high 
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5.7.5 Rear axles 


The complete rear axle, which usually 
contains the brakes and the PTO gearing, 
represents about 40% of the transaxle costs. 


Regarding tractors of the upper techno- 
logy levels with 4WD, this results in about 
12% of the total initial tractor costs. 


Fundamentals for brakes and PTOs have 
already been presented in previous chapters. 


The main components of the final drive are: 


- Spiral bevel pinion and large crown gear 
- Differential with bevel planetary gears 

- Differential lock 

- Final drive 


Table 5.27 contains basic structures. 


Design A was used over many years for 
Deutz tractors together with the gearbox 
TW 50 (Fig. 5.12) and is still of interest for 
low-cost tractors below about 40 kW. 


For many decades Design B was popu- 
lar, typically for higher power levels; 
however, it was more or less replaced by 
design C which is now dominating. 

C offers higher power density and higher 
potential of total axle ratio (Fig. 5.124, 
Table 5.24); both are needed for axles of 
increased power levels and tire diameters. 
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A differential ratio of about 5 seems to be 
reasonable regarding the stresses of the 
pinion and its minimum number of teeth. 


A typical speed reduction ratio of the 
total axle of structure C for a 200 kW trac- 
tor could be 5:1 for the bevel gearing and 
8:1 for the planetaries: A total of 40:1. 


High-powered tractors with tire diameters 
above 2m can need even more. One pos- 
sibility is to apply more complex planetary 
structures, such as in designs D and E. 


This is not a functional problem but results 
in higher specific initial costs, which is the 
main reason for making the very best of 
structure C. As such a rear axle planetary 
can be a bottleneck for the power through- 
put, its design requires outstanding skills in 
the development process. An important 
principle is, for example, to give the pinion 
shaft freedom for self-centring by the 
planet gears (Fig. 5.127). This requires that 
the teeth installation condition is fulfilled 
(Table 5.24). A second important principle 
IS precise geometric compensation of the 
high elastic pinion twist angle. 


Designs B and C are presented in two 
models, Fig. 5.128 (Deutz) and Fig. 5.129 
(J. Deere), both produced in large series. 


Table 5.27: Structures of rear axle final drives. The applied power levels increase from left to right 


Agfa || F 
= 
fee pow | 2) 


IuUS 


©Ren 


fechoet [ef TV 
Ratio: 20-25 20-30 30-45 >45 (with diff.) 


* With simple differential lock as common for A and B 
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58 Strategies of dimensioning can be equivalent to those at about four 
times the nominal engine torque, due to dy- 


namic mass forces of the clutch plate even 


5.8.1 Tractor transmission loads a 
above the nominal slipping torque. 


Tractor transmission loads are not uni- 
form, but irregular with the highest peaks at 
abrupt clutching in gears of higher speeds, 
Fig. 5.130 and Fig. 5.131. Maximum values 


However, these torques occur over only a 
very short time. In contrast, the average 
drive transmission load is only about 40- 
50% of the nominal torque. This is about 
ten times lower than the peaks. 


~~ 


This complex relationship requires 


3 \ Clutch slipping torque Statistical load evaluation methods. 
[Pr 
[———,_— 


Transm. input torque T/Tnom 
Le) 


Extremely quick clutch release = Very abrupt upshift 
starting ina high speed gear _— at a high speed 
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Very heavy field work 


Fig. 5.130: Record of measured loads at the transmission input shaft for three typical cases [5.112] 
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Fig. 5.131: Typical measured powertrain loads and speeds during upshift. Tractor 50 kW, 4t, 
pulling a 10t trailer. Nominal gear speeds: a) 9 km/h (starting), b) 14 km/h, c) 18 km/h [5.21] 
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5.8.2 Simplified constant loads 


A first step of dimensioning transmissions 
uses constant loads, Table 5.28. Input and 
output torque must be balanced if we 
assume stationary conditions. It is recom- 
mended to convert the traction torque with 
the transmission ratio and efficiency to the 
input shaft; the lower value of both is valid. 

Rule: Transmission elements of the lower 
tractor speeds (up to about 5—7 km/h) are 
calculated with the traction torque and ele- 
ments of higher speeds with the engine torque. 

The recommended safety factors (related 
to endurance limit) represent no real safety. 
This contradiction can be resolved well by 
cumulative damage analysis (Fig. 5.112). 


5.8.3 Cumulative damage sig 
analysis Mo 


The first step is to have a 
load spectrum, Fig. 5.132. 


Rule: The statistical format of 
a load spectrum must be adapt- 
ed to the case of application. 


Load or stress 


Rainflow counting is an ex- 
cellent method for analyzing 
stress histories in structures. 

Load spectra from rainflow 10° 2 
counting are, however, not 
suitable for dimensioning gear 
wheels, rolling bearings, and 
shafts (shafts under rotating 
bending moments). 


These elements always have 
one internal stress cycle per en- 
gagement! Hence, the load de- 
termines their stress amplitude; 
the speed, the frequency! 


Consequently, the best pro- 
cedure for processing measured 
load tracks for dimensioning 
these elements is to record load 
samples triggered by the rota- 


5 10° 10° 106 107 10 
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Table 5.28: Strategy with static loads. Stepped 
transmissions, dry clutch, 10,000h life, torque 
back-up <15%; « and p defined in chapter 2.2. 
Targets slightly higher for higher torque back-up 


Gear box 
and axles 


| 
Net nominal torque 
(not max.) at nomi- 
nal speed 


©Renius 


Traction 
torque 


Engine 
torque 


| 
Calculated with 
K+pP=0.6 and 
average ballast 


Traction torque is converted to the input shaft 
(efficiency 85%) for balancing with the engine 
torque: lower value = effective assumption. 


Targets (to be based on > 90% probability): 

Safety factor gear tooth bending: 1.2...1.5...2.0 
Safety factor gear tooth surface: 0.6...0.9...1.5 
300...600...1500h 


———-— \q_ucer 
Duty time x rotational speed 


Life of rolling bearings: 


Damage fractions A 


ee ee ee 


a: Histogram (class frequ.) 
b: Endurance limit 

c: Finite life leg 

d: Virtual “Haibach” leg 
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Number of cycles 


Fig. 5.132: Damage calculation after Palmgren-Miner-Hai- 
bach. Example from 1977 [5.89]: Gear wheel, tooth bending 


tional speed (also recommended in ISO 6336). 
Rule: A constant speed results in time portions. 


Life evaluation is done by linear cumulative da- 
mage calculation, Fig. 5.132. The given load spec- 
trum in class frequency is defined for the total life of, 
for example, a gear wheel. The S-N curve b-c is 
calculated in load for the mounted gear. The limited 
life leg c is prolonged by the “Haibach” leg (d) with 
reduced slope exponent - (2k-1) instead of -& [5.113]. 
The damage fraction is the ratio of actual class cycle 
and cycle to failure. The sum of all damage fractions 
must be less than | for the given life. 


170 


In the past, transmission durability tests 
were often carried out in the field. Field tests 
are still used, but lab tests are cheaper, faster, 
and repeatable, thus more important today. 


In a first phase of introducing lab tests, 
the engineers involved often developed 
their test specifications independently of 
the design department. 


Cumulative damage analysis allows inte- 
grating both, modelling and testing in one 
system, offering the advantage of better test 
result feedback for improved modelling, 
Table 5.29. This system has been proved 
by the author in many projects since 1979. 
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The first step is to define realistic load 
spectra for a given probability, often 90 or 
95% (B10 or B5). Typical standard load 
spectra are given below. Speed spectra see 
chapter 5.2, PTO load spectra chapter 5.4. 


Measurements are carried out for indivi- 
dual agricultural operations. For the final 
drive, they must be mixed. The largest axle 
torques were measured for deep subsoiling. 
Time portions of such heavy operations are 
important (Fig. 5.137 below). 


Regarding the next step, forecasts of the 
S-N curves, converted in torque scale, 
contain the largest uncertainties [5.106]. 


Table 5.29: Integrated system of calculation and testing transmission gear wheels, based on 
cumulative damage analysis. The largest uncertainty is not the damage calculation (Fig. 5.132) 
but is the forecast of the S-N curves scaled in torque and modelled for mounted gear wheels 


Input load spectra in sum frequen- 
cies log-log, probability 90-95% 


—~ 


Torques 
at low 
speeds 


Torques 
at heavy 
duty 
speeds 


log X time 


Torques 
at trans- 
port 
speeds 


Typical 
speed 
distri- 
bution 


% of time 


nominal speed 


Calculation of all 

torque endurance 
limits (from stress 
limits, e.g. B10) for 


four basic criteria 


basic criteria of all 
gear sets consid- 
ering all local oper- 
ational conditions 


Torque load T 


Cumulative dam- 
age algorithm 


v- feedback 


/, 
Feedback of test results improving calculations, mainly for “S-N” curves 


Cumulative damage evaluation 
for each gear set regarding the 


“S-N” curve (load!) 


a Torque endur- 
ance limit 


Haibach leg 
Cycles N= contacts 


feedback 


Technical specifications 
for transmission and 
all gear sets. 


Required life, hours, 
& probability (e.g. B10) 


Specifications 
to be modified 


Load spectrum with 
life for each transm. 
speed including the 
constant gear sets 


Total load spectrum 
for each gear set 


Lab test design verifica- 
tion, typical strategy: 
Step 1: Verification of 
S-N curves in load scale 
Step 2: Verification of life 
applying load spectra by 
accelerated tests, deleting 
cycles of low loads which 
do not damage etc. 


Eran 


Release 


— 
— 
_— 
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5.8.4 Standard load spectra 


The gearbox input load spectrum 
of Fig. 5.133 summarizes all opera- 
tions with a probability of 90-95%. 
Example for reading the diagram: 
10% of total service time represents 
all torque loads above or equal to 
rated torque (not maximum torque). 
The average is equal to 0.545% of 
rated. With an average of about 75% 
rated speed, this equals about 41% 
rated input transmission power. 


The author thinks that this spec- 
trum 1s still suitable worldwide with 
two amendments: 


1. Load increase in the case of 
automatic power control [5.114], 
see the dotted line. 

2. Load increase for higher torque 
backups: Every % >15 % should be re- 
spected by a 0.5 % increase in load. 


Load spectra for heavy-duty ope- 
rations are typically round bodied 
[5.21, 5.28 and 5.115]. Fig. 5.134 
shows a typical load spectrum for 
heavy plowing [5.115], inserted in 
the above diagram with a 30% time 
fraction. Average torque was in this 
case 76% of rated. This special spec- 
trum copes well with the total spec- 
trum, which has still reserves to in- 
corporate other individual load cases. 


Cumulative damage evaluations re- 
quire class frequency load spectra 
(histograms), which is demonstrated 
by converting Fig. 5.133 into 5.135. 
Class width should not be too large, 
at least as shown. 


If we apply this histogram for bear- 
ings using equation (5.19) we get 
Teq = 72% of rated input torque for 
ball bearings and 74% for roller 
bearings. 


Slightly higher values result if the 
amendments are applied. 


Transm. input torque/rated torque 


0 
0.0001 0.001 


0.01 
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Fig. 5.133: Load spectrum “Renius” [5.21] for the input 
shaft of stepped transmissions, max. 15% torque back- 
up. Dotted line for automatic full power control [5.114] 
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Fig. 5.134: Comparison of a measured spectrum for 30% 
heavy plowing with the total load spectrum [5.115] 


Transm. input torque/rated torque 


0 
0.001 0.01 


©Renius 


0.1 1 % 10 
Relative class distribution (history) of time portions 


Fig. 5.135: Load spectrum of Fig. 5.133 [5.21] in class 
frequency distribution (also called “histogram”) 
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Fig. 5.136: Axle-torque load spectra for tractors, 
Originally defined for heavy duty operations of small 
standard tractors with rear-wheel drives [5.21], pro- 
bability about 95% 


In 1976, a first standardized axle torque load 
spectrum was published in [5.21], Fig. 5.136. At 
that time, it addressed tractors with rear-wheel 
drives and 30-110 kW rated engine power 
(continuous line). The standardization of the 
ground drive torques with the nominal tractor net 
weight seemed to be slightly simple but proved 
over decades to be the best method for gene- 
ralizing the spectrum. 


The use of circumferential forces eliminates the 
tire radii. The spectrum is based on a broad 
publication review including measurements from 
KHD (Deutz). Furthermore, tests on this basis 
were compared with the long-term customer 
satisfaction of mass-produced transmissions of 
Deutz and several other manufacturers. 


Meanwhile, typical working speeds have in- 
creased, resulting in decreased torque levels. 
Four-wheel drives have become the standard ver- 
sion for upper technology levels. The spectrum, 
initially defined for rear-wheel drive, is now 
useful for modern 4WD tractors as well; however, 
is still also valid for rear-wheel drive tractors 
which operate under conditions as they were 
typical in mid-Europe in 1960-75. 

Deep subsoiling on a dry surface creates very 
good traction conditions, in particular if the 
resulting implement force crosses the surface 
between the axles, Fig. 5.137. 
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Fig. 5.137: Subsoiling with high depth 
on dry soil enables very high traction 
forces and torques; in particular, if the 
implement force is crossing the surface 
between the axles and if the tillage 
wings or plates are PTO-driven 


The driver may be happy to have 
high pull forces at very low speeds. 


However, this generates extremely 
high torque loads, mainly at the final 
drive, which are, for example, only 
covered for 200-300 hours by the 
standard load spectrum. 


Long-time operations of this kind 
can require heavy-duty axles or elec- 
tronic power limitations. 


Rubber belt drives can develop 
higher traction coefficients than 
4WD tractors. Measured axle torque 
load spectra of a Challenger CH45 
were reported in [5.116]. The total 
operational time fraction of deep 
subsoiling was limited. Under this 
condition, the total axle load spec- 
trum was very similar to that of Fig. 
5.136. This was surprising but could 
be explained by high working speeds. 


However, measured gearbox input 
load spectra of the Challenger 
[5.116] had a higher load level than 
that of Fig. 5.133. The reason is the 
high torque back-up of 42%, confir- 
ming the amendments made on the 
previous page. 
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5.9 Transmission efficiencies 


Tractor prices are widely based on rated 
engine power. The higher the transmission 
efficiency, the better the use of the invest- 
ment and the lower the CO2 emissions. 


High efficiencies have, however, further 
advantages. They generate lower cooler costs 
and less additional energy for cooling fans. 
Tractor transmission efficiencies must be 
properly defined regarding input and output 
locations, which is sometimes missed. 


The author recommends defining tractor 
transmission efficiencies by dividing axle 
output power by transmission input power. 


The total losses are usually regarded to be 
the sum of two groups [5.103, 5.117, 5.118]: 


- load-dependent losses 
- load-independent losses 


Both can be kept low by many design 
details, Table 5.30. Influences of input 
speed, load, oil temperature, oil level, and 
tractor speed are presented in [5.96, 5.118]. 
Reduced teeth heights can reduce the slid- 
ing losses considerably [5.119], but can 
need high numbers of teeth. 


Load-dependent losses of gears are low, 
Table 5.31. They can be calculated well 
based on friction mechanics [5.103, 5.120]. 


Load-independent losses are difficult to 
calculate. It is therefore recommended to 
measure these losses for zero load level. 


As an average, a total loss of 1.5% per 
spur gear contact, 1.7% per helical gear 
contact, and 2.5% per bevel gear contact 
can be used as a rule of thumb. 


A good tractor transmission should not 
have more than six contacts (input to axle 
outputs) for speeds of the main working 
range and lower for higher speeds. Transmis- 
sion efficiencies can be plotted similarly to 
engine efficiency maps, as presented by 
Reiter, Fig. 5.138 [5.96]. The trends are 
confirmed for small tractors by [5.121]. 
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Table 5.30: Design fundamentals and rules for 
minimized transmission losses 


- Transmission designed for low oil level 

- Optimal oil viscosity specified 

- Pre-heating in cold regions possible 

- Forced oil lubrication, ideal: flow on demand 

- Low rotational speeds of elements 

- Low speed differences at sliding surfaces 

- Low number of gear wheel engagements 

- Reduced teeth heights (limits: contact ratio) 

- Enclosures for elements touching oil level 

- Properly adjusted tapered roller bearings 

- Seals with low friction 

- Low brake idling losses, sufficient clearance 
between plates of disengaged wet brakes 

- Possibililty of disconnecting unused transmis- 
sion elements, for example 4WD and PTOs 

- Low surface roughness of gear wheels 

- Planetaries instead of countershaft drives 

- Installation of an efficiency monitoring system 
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Table 5.31: Load dependent losses of spur 
gears (one engagement), derived from [5.96]. 
Values for helical gears about 0.2% lower 


Rule of thumb 
l 


1.0 
ratio 
«— specific load 


~— surface roughness —— 
—circumfer. speed —+~ 
oil viscosity ———~ 
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Fig. 5.138: Measured efficiencies for a stepped 
tractor transmission of the tractor Fendt Farmer 
310 LSA [5.96] (100% power = 63 kW). Gear- 
box oil SAE 80, final drive oil (Sour gears) SAE 
90, fluid coupling dismounted, dry disc brakes. 

Transmission was used for tractors up to 85 kW 
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German Yearbook of Agricultural Engineering, 
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Braunschweig): 
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tors and its components. The chapters on tractors 
and those on engines and transmissions were pre- 
sented uninterrupted by the author, often in co- 
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1991-2010 bilingual German-English. 

Issue 1994 is formerly not existing as the volume 
counting method was modified (no break). 

Issues are charge-free available since 2012 by 
open access thanks to Prof. Frerichs, supported by 
the whole German ag eng community. 
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6.1 Introduction and workload 
on operators 


The scientific investigation of human- 
machine relations is still a young disci- 
pline [6.1-—6.5]. Its main subjects are: 


- Health 
- Safety 
- Comfort 

The first steps towards cabs were option- 
al compartments with fluttering tarpaulin 
elements protecting the driver against wind 
and rain. They became slightly more popu- 
lar in combination with safety frames (com- 
pulsory in several countries, in Germany 
for newly registered tractors from 1970). 


Another add-on was the optional equip- 
ment of simple closed cabs which were 
mounted directly on the tractor chassis. 


However, they could not reduce the 
noise level at the driver’s ear, which re- 
mained at about 90-100 dB(A) under full 
load. This level damages the ear; thus, is 
not tolerable from a human standpoint. 


The breakthrough of modern cabs took 
place in the developed countries during the 
early 1970s although cabs are one factor of 
increased initial costs of tractors, Fig. 6.1. 


- Quiet closed cabs 
- Safety structures 
- Power steering 
- Improved seats 
- Air conditioning 


Elec- 
tronics 


Auto- 


— Filtered cab air mation 


- Adjustable ste- 
ering wheel, etc. 


Share of initial tractor costs 


1925 1950 1975 Year 2000 


Fig. 6.1: Progress in human relations and 
specific initial costs for driver's health, 
safety, and comfort for upper tech levels 
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Check for 
updates 


John Deere presented its first noise 1so- 
lated cab, Sound-Guard®, in 1972 offer- 
ing a full load noise level at the driver’s 
ear of only 82.5 dB(A) [6.6] and, in ad- 
dition, an integrated safety frame for pro- 
tecting the driver when overturning. 


However, even today such cabs or safety 
frames are often not applied in developing 
countries [6.7]. Typical comments are: 

“will not pay”, 

“not competitive in costs”, 

“more parts — more problems’, etc. 


Therefore health and safety authorities 
have initiated or even forced first steps in 
several countries. This is the case, for ex- 
ample, in Western Europe for noise levels 
which by law must not exceed 90 dB(A) at 
the driver’s ear in a tractor under full load. 
Also safety frames must be installed by 
law. There were hot discussions on the 
additional costs, but this was finally a well 
done political act. 


After a certain period of time, farmers 
recognized the benefits of improved 
health, safety, and comfort; the noise iso- 
lated safety cab became even wanted. 


Along with this trend, tractor companies 
began to compete in advertising low noise 
values reducing them to now only about 
69-76 dB(A) at the driver’s ear for 
technology levels IV and V with typical 
values of 80-85 dB(A) for low-cost cabs. 


A remaining problem is the equipment of 
small tractors with good cabs. Fundamen- 
tals of ergonomics do not correlate with 
the tractor power or size as driver dimen- 
sions are always the same. 


This hinders cab introductions for small 
tractors as initial cab costs in relation to 
total tractor costs are up to almost 20 %, 
while this value declines with increasing 
power level down to only about 10% for 
very big machines. 
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Workloads on the operator are Table 6.1: Operator performance (from [6.3], modified) 


usually classified into four sec- 
tions, Table 6.1, each with cha- 
racteristic criteria. The total work- 
load is a result of all these par- 
ticular factors and is balanced by 
the operator’s potential and wil- 
lingness to work. 


Physical and mental stress cre- 
ates “human fatigue” which re- 
duces human performance. 


The risks of accidents are also 
increasing; however, consequen- 
ces can be diminished by “design 
for safety” (see, for example, safe- 
ty frames protecting the driver in 
case of overturning, chapter 6.6.4). 


Stress which exceeds individual 
stress limits for longer periods of 
time can damage health. Typical 
examples are intervertebral disc 
problems due to vibration over- 
loads, or defective hearing as a 
consequence of high noise levels 
at the driver’s ear. The second as- 
pect is very important as this type 
of occupational injury cannot be 
healed. 


The goals for the driver can be 
identified by general criteria such 
as productivity, quality of work 
output, energy efficiency, machi- 
nery wear, maintenance costs, com- 
fort, health, safety, driver down- 
time and others. Some of these 
criteria are difficult to measure; 
however, the operator can set tar- 
gets for particular conditions. 


Modern digital systems are able 
to optimize the total process of 
tractor and implement. 


The two most important strate- 
gies are 
- use Maximum engine power 
- optimize energy efficiency 
(mainly for partial load) 


Working Environment of 
- Type  - Consumption - User inferface - Climate 
- Method _ of time - Visibility - Noise 
- Safety - Timeliness - Anthropometry - Vibrations 


demands - Time pressure - Safetyelements - Air pollution 
— |llumination 


Workload on the operator 


@ ~ Working potential 
(Anthroprometric data, 
1 skills, age, training, 
state of health, ...) 
- Willingness to work 
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Physical stress Mental stress 


Physical / mental fatigue, accident risks, health risks 
Output: Performance, quality, energy efficiency, ... 


The function of an operator-machine system can be 
understood as a closed loop control circuit, Fig. 6.2. 
An important element is the feedback of output 
results to the operator, enabling corrections. 


Further reductions of the workload are possible if 
the feedback and correction are automated, by- 
passing the driver who is now only setting the tar- 
get; see, for example, the automatic three-point 
hitch control or automatic guidance systems. 


Table 6.2: Closed loop control of an operator-machine 
system (e. g. tractor-implement system) [6.8] 


All workplace con- Machine working conditions 
ditions including including disturbing factors 
disturbing factors 


Out- 
put, 
result 


Machine with 
power, 
sensors, 
intelligence, 
actuators, ... 


e Operator with 
1 \ all individual 

characteristics 
Feedback: automatic — 
manual 


Machine interface 
for operator inputs 
Information and 
output interface 
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6.2 Technical aids reducing Important international standards were 

operator loads developed with recommendations and test 
methods, some even dealing as a basis for 
legal acts. ISO standards lead to acceptable 
workplace dimensions which must not 
increase costs; hence, are recommended 
even for lower technology levels. 


Workloads and stress on the operator can 
be reduced considerably by technical aids, 
supported by standards, Table 6.3. 


Table 6.3: Driver workloads, technical aids, and related international ISO standards. Early propo- 
sals of this basic classification were published by W. Bate! [6.9] 


Workload Technical aids for the operator and related international 
categories standards (ISO) 


Set tasks - Instrumentation, on-board computer (ISO 11783), touch screen 


Compare - Field of vision with minimum obstracles (ISO 5721) 

tasks with | - Connecting 12V sensors and instrumentation (ISO 11786) 

output - Application of on-board computer, GPS-based (ISO 11783) 
- Use of modern displays, standardized symbols (ISO 3767) 


Correct - Ergonomic proportions between steering wheel, seat, levers, 
process pedals, and seat adjustments (ISO 4253). Definitions of SRP 
and SIP see ISO 5353 
- Low actuating forces, ergonomic directions of lever and pe- 
dal movements, coding by colours (ISO 15077) 
- Standardized symbols (ISO 3767) 
- Shift aids: synchronizers, power shifts, automatic shifts 
- Cab aperture for external equipment controls (ISO 8935) 
- Safe cab access, internal cab clearances, hand clearan- 
ces at movable control elements (ISO 4252) 


Working process 


Climate - Thermal comfort (ISO 14269-2): Air conditioning balancing 
solar heating. Adequate heating capacity, low air speeds. 
Evaluation by tests (ISO 14269-2) 


Noise - Engine and cab suspended on silent blocks 
- Design rules of ISO 11688-1 and -2 to be applied 
- Noise measurement inside vehicles (ISO 5128) 
- Low noise level at driver’s ear, measurement (ISO 5131) 


- Low noise outside, measurement (ISO 362) 


Dust and | - Pressurized air inside cab (ISO 14269-5) 
chemicals | - Filtered air input (ISO 14269-4, ISO 16890) 
- Special filter types for chemicals (EN 15695) 


Vibrations | - Passive reduction of human accelerations by springs and 
dampers for seats, cabs, axles, mounted implements, etc. 
- Active driver position control by hydraulics or electrics 
- Evaluation of human body vibration by ISO 2631, seat eva- 
luation by ISO 5007 (lab), vehicle evaluation on smooth 
track ISO 5008, recording of road surfaces by ISO 8608 


Visibility - Working lamps for night, good illumination in the cab 
- Cameras for improved visibility and safety (ISO 291 12-1) 


Environment of workplace 
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Hand and pedal forces depend mainly on 
their location and direction of movement, 
Fig. 6.2, 6.3, and 6.4. Maximum values are 
not suitable for continuing use. Hence, ISO 
15077 falls below them, Table 6.4. 


High comfort can require even slightly 
lower forces, mainly for levers. 
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Fig. 6.2: Relation of hand forces in % [6.5]. 
Scale: Average max. male: 100% = 614N 
Average max. female: 100% = 440N 


Table 6.4: Maximum forces for control 
elements according to ISO 15077 


Type of control Max. force, N 


Lever fore/aft 

Lever lateral 

Lever vertical upwards 
Pedal-leg/foot operation 
Pedal-ankle rotation 
Finger/wrist operation 


Steering and braking forces not included, 
are specified in ISO 10998 and ISO 5697 


Fig. 6.4 (right): Maximum 
pedal forces of a male per- 
son in a seat with a stable 
backrest. 

Adapted from Dupuis [6.10] 
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Forces 
upwards 


% Forces 


Fig. 6.3: Maximum vertical hand forces of a male 
person in Newton according to Rohmert [6.9] 


Maximum pedal force, N 
500 600 700 800 900 1000 1100 
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6.3 Operator’s seating accom- -200; 

mm Recom- | 
Ree” 
lg 


modation, access, and exit 


| 
LW 
fom] 
[om] 


Design of workplaces should be based 
at least on relevant ISO standards. 


Distance /y 


250 
600 650 700mm750 400 450 500mm550 
Distance /| Distance /> 


Fig. 6.6: Recommended relations of /1 to h1 and 12 
to h2 according to ISO 4253. Seat Index Point SIP is 
defined in ISO 5353 by a loading apparatus. SIP 
replaces the Seat Reference Point SRP which was 
standardized in ISO 3462 (withdrawn) 


Basic dimensions of ISO 4253 are summari- 
zed in Fig. 6.5 and adjustments for different 
human body sizes in Fig. 6.6 and Table 6.5. 


Safety and comfort for the driver are also in- 
fluenced by access to and exit from the cab and 
its interior clearances. Minimum dimensions 
Oh are shown in Fig. 6.7, based on ISO 4252. 


Platform for 
operator's feet 


Master clutch 


Table 6.5: Seat adjustment as recommen- 
ded in ISO 4253 


Seat adjustment 


450 min. 


Longitudinal adjustment forward- 


rearward from the mid position 


Vertical adjustment up-down 
from the mid position 


Foot throttle ——[—) 
Fig. 6.5: Working place dimensions (ISO 4253) 


>300 2300 > 235 


"Left" RSS "Right" 


> 810 
= 1250 


Seat Reference Point (SRP) 


Fig. 6.7: Cab clearance and access-exit dimensions as recommended in ISO 4252 
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| | reach zone aan 
<? Small woman (>25%) i 
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Fig. 6.8: Hand and foot control positions, side view. 
Extract from [6.5] for US adults. 

Comfort rating: 1 — excellent, 2 — good, 3 — fair. 

Seat adjustment for this (very wide) range of hu- 
man measurements is still within the values as re- 
commended in ISO 4253 (Table 6.4) 
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Fig. 6.9: Hand and foot control positions, top view. 
Extract from [6.5] for US adults. 
Comfort rating: 1 — excellent, 2 — good, 3 — fair 
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0 10 20 30 40 50 cm 


Fig. 6.10: Recommended angles be- 
tween human body limbs, based on 
the body model of the German stan- 
dard DIN 33408 


Measurements of the human body as 
well as angles of comfort were pre- 
sented 1980 by Purcell [6.5] and are 
still useful. 


Basic human dimensions are stan- 
dardized in ISO 7250. 


The recommended hand and pedal 
zones of the Purcell paper are summa- 
rized in Fig. 6.8 and 6.9. 


Applying them to tractor cabs, hand 
zone | on the left side is usually in 
conflict with the main cab access and 
exit zone. This resulted in a general 
priority for hand zone 1 on the right. 
Comfort angles of human body parts 
are standardized in DIN 33 408. Re- 
commended values for upright sitting 
are plotted in Fig. 6.10. This drawing 
also shows, that the normal sight line 
of an upright sitting person has an 
inclination of about 15°. 

This is important for the forward 
field of view and the shape of the 
engine bonnet. 
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6.4 Ride dynamics Ride dynamics can be evaluated by ISO 
5008, depending mainly on 

- Configuration of tractor and implement 

- Driving surface (profiles in ISO 5008) 

- Tractor speed 

- Technical aids to reduce vibration 


There are six basic movements, Fig. 6.11. 


n 
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The inclusion of mounted implements is 
important for driving on the road, Fig. 6.12. 


Inertia of mounted implements influences 


as ride dynamics (and dynamic axle loads) 
Fig. 6.11: Tractor axis system for defining ve- 
hicle dynamics (ISO 2631 and 8855). considerably. Top link damper or integra- 
Most important: z-movement, pitch, and roll ted active damping systems are used. 


Mae of Mass of cab /5/7 driver mass + Hydrostatic control with elasticity 

rape movable seat mass (pipes and hydrostatic fluid capacity) 
ere chassis Special top link with 
ballast spring and damper 


Front axle 
Suspension 
/ 


Mass of implement 


Soft cab 


Spring 5 | Damper suspension 


~ Mass of front axle parts \Force 


~~ Tire parameters ~~ sensor 


UW 


Fig. 6.12: Simplified (two-dimensional) dynamic model of a tractor with hydro-pneumatic front 
axle suspension, soft cab Suspension, and passive implement damping. From [6.12], modified 
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Riding comfort is mainly influenced 
Table 6.6: Reducing driver vibration (after Hauck) by three modes of movement with the 
following typical natural frequencies of 
Passive | Adaptive | Semi-active Fully active common two-axle tractors: 
Sa ere lal - Moving up and down (2.5-3.5 Hz) 
shalt - Eid - Pitching “tractor only” (1.8-2.5 Hz) 

: - Pitching w. mounted impl. (0.9-1.5 Hz) 
- Roll (around x-axis, 1-2 Hz) 

Technical aids for reducing the acce- 
lerations for the driver can be classified 
into four groups, Table 6.6. 


YZ 


Open loop | Closed loop Closed loop 
control control control 


No control 

The technical effort increases from the 

No control enegy oe ee left to the right; however, also do initial 
ad ad costs and energy consumption. 
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Mechanics of a simple Voigt-Kelvin ele- 
ment are demonstrated in Fig. 6.13. 

If there is no damping, the natural or re- 
sonance frequency @, in rad/s 1s 


(6.1) 


where 
c= spring rate [N/m], m=movable mass [kg]. 
The frequency f in Hz [cycles/second] is 
f= @/2h (6.2) 
If the system is dampened, the natural fre- 
quency is slightly lower than @,: 
Oj =< - (4K) (6.3) 
where k = damping coefficient, which is de- 
defined by the damping force FD. 
FD =k [Ns/m]-damping speed [m/s] (6.4) 
If the mass m in Fig. 6.13 1s 5/7 driver 
mass plus movable seat mass, the vertical 
driver amplitude can only be decreased if 


its natural frequency is at least 29% lower 
than the input amplitude of the cab bottom. 


Kstimation of natural tractor frequen- 
cies. We need at least the tractor mass 
distribution and undercarriage spring rates. 


Spring rates (stiffness rates) of tires are 
influenced by the following factors: 


- Tire size and tire design, bias or radials 
- Inflation pressure 
- Tire load or deflection 
- Rolling speed 
- Tire age 
Stiffness rates versus displacements are 
presented in Fig. 6.14 and 6.15 [6.13]. 


Example: A 110kW standard tractor with 
a mass of 7,000 kg has a total vertical lin- 
ear tire stiffness of 4 x 350 = 1,400 kN/m 
(radials, 1.1 bar). Equations (6.1) and (6.2) 
deliver a natural vertical tractor frequency 
of 2.25Hz. Resonance damping by the seat 
requires a 29% lower seat-driver resonance 
frequency (Fig. 6.13), means < 1.60 Hz. 


Vertical stifness 
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Mass m 


k 
Bottom 
Vp 


Typical for seats 


Increased 


Due to ; 
damping 


damping 


Mass amplitude / bottom amplitude 


0 
0 1 V2 2 3 


Input frequency /natural frequency @/@, 


Fig. 6.13: Transfer function of a Voigt-Kelvin 
element with mass m, spring c and damping 
coefficient k 
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Fig. 6.14: Vertical stiffness of a popular radial 
tire, size 480/70R34 [6.13] 
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Fig. 6.15: Longitudinal stiffness of a popular ra- 
dial tire, size 480/70R34 [6.13] 


0 05 1.0 15 
Inflation pressure 


Fig. 6.16: Measured vertical tire stiffness versus 
inflation pressure and vehicle speed [6.14] 
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Fig. 6.17: Damping coefficient & of tractor tire 


520/70R38 versus tractor speed [6 
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Stiffness rates versus inflation pressure 
were measured at Silsoe Research Institute 
(UK), Fig. 6.16 [6.14]. Stiffness increases 
almost linearly with pressure but decreases 
up to speeds of about 10 km/h. These va- 
lues are slightly above others due to the 
small tire width and their high age. If they 
are extended to the left they deliver the 
carcass stiffness. 150 kN/m for “rolling”, 
listed in [6.14], is a high value in this case. 


Tire models including damping. Gen- 
eral trends of dynamic behaviour of tractor 
tires versus speed and inflation pressure 
were already summarized in chapter 3 bas- 
ed on publications from TU Berlin (under 
Gohlich and successor Meyer). 


Tire research was also carried out at the 
University of Hohenheim under Kutzbach 
and his successor Bottinger. 


Fig. 6.17 shows typical damping factors 
k of a radial tire versus speed for different 
tire loads at constant inflation pressure. 
The higher the load and the speed, the 
lower the damping. 


The Hohenheim Tire Model, Fig. 6.18, 
was proved to deliver realistic three-di- 
mensional tire characteristics, if adequate 
values are introduced for the spring rates 
and damping factors [6.16, 6.17]. 
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“A”. Friction of tire-soil contact 


Fig. 6.18: Structure of the “Hohenheim Tire Model (HTM)” as of 2018 [6.16, 6.17] 
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Reducing pitching. Pitching is 
important for driving tractors on- 
road with heavy rear-mounted 
implements, mainly at high speeds 
and on bad roads, Fig. 6.19. 


If we assume the center of gra- 
vity as indicated in Fig. 6.19, the 


calculated additional moment of Uy, 


Pitching inertia for 
“tractor only”: 
Ty = 11,000 Okgm? 


2c (two wheels) a 


13m le a=14m_ 
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inertia for the front weight is 

11400 = 1,400kg -2.7° m? 

= 10,206 kgm? 

and the appropriate value for the rear 
mounted implement: 


12000 = 2,000kg - 3.97 m’ =30,420kgm° 

Total inertia J 1s the sum of the three men- 
tioned values, stiffness c stands for one tire. 
Q@, (without damping) [6.4] results in: 


[2 (a+ b? 
ee a ) (6.4) 


Example: a= 1.4 m, D = 1.2 m, c= 350,000 N/m 
(equal tire stiffness, 1.0—1.2 bar inflation) and 
total inertia J = 51,626 kgm”. 

@, = 6.79 rad/s and f= @,/2n = 1.08 Hz. 


Pitching can create problems of comfort, 
axle dynamics, and steering safety, which 
has initiated many research projects [6.18— 
6.27]. Top links with integrated damper 
(Fig. 6.12) were found to be an effective 
passive solution [6.18]. If the tractor has 
draft force sensors at the three-point hitch 
(Fig. 6.12), their signals can be used for 
active damping, Table 6.7 and Fig. 6.20. 


Such a system was first presented in 1989 
by H. Hesse (Bosch) and H. Gohlich (TU 
Berlin) [6.22 - 6.25], first applied in 1989 
to a Fendt tractor. It uses the digital elec- 
tronic rear hitch draft control, is very sim- 
ple, and soon became popular. Fig. 6.19 
confirms the damping and the low pitching 
frequency; in this case about 1.1 Hz. 


Driver limits of vertical body acceleration 
[6.28] are plotted in ISO 2631, Fig. 6.21. 


Fig. 6.21 (right): Human limits of vertical body 
acceleration, based on ISO 2631-1 


Fig. 6.19: Simplified model of a 110 kW tractor, 7,000kg 
net weight, with front ballast and rear-mounted implement 


Table 6.7: Active pitch damping by closed 
loop control of lower link forces [6.23] 


Dynamic content for which must be compensated 
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Fig. 6.20: Active implement damping, indicated 
by the hydr. hitch cylinder pressure [6.23, 6.25] 
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Fig. 6.22: Four typical design principles of suspended tractor seats with springs and dampers. 
Design A is only used for lowest technology levels because of the seat rotation and bulkiness 


Table 6.8: Typical specifications of tractor seats 
(simplified, kindly supported by GRAMMER AG) 


Technology Level 


Vertical suspension 
Travel, max., mm 
Nom. nat. frequency 
Spring system 
Driver weight, kg 
Weight adjustment 
Damping 
Damping adjustm. 

Longitudinal susp. 

Lateral suspension 

Height adjustm., mm 

For/aft adjustm., mm 

Positioning 

Energy supply 

Seat swivel (Zz axis) 

Cushion width, mm 

Seat climate control 

Armrest 

Seat belt (ISO 3776-1) 

Operator presence 

control (OPS) 


High Very High 


80 
1.8Hz 
mech. pneumatic 

50-150kg 
autom. electron. 
adjustable 


mech. autom. 


manual 
constant 


automatic 
12\V/ (compressor) 
40° 


a 
3 
‘Ss 
oO 
o 
1o) 


*) with interface for multifunctional armrest 


Tractor seats are offered in a wide va- 
riety of designs and functions, Table 6.8. 


Comfort level and initial costs increase 
considerably from left to right. Natural 
frequencies vary from about 1.8 to about 
1.1 Hz (left to right), based on 


movable seat mass + 5/7 driver mass 


Low spring rates and optimized dam- 
ping rates deliver low natural frequencies 
(equation 6.3). 


Unacceptably high vertical amplitudes 
can also be reduced by non-linear, adap- 
table spring rates and automatic dam- 
ping control [6.28]. 


High-tech seats are often equipped with 
multifunctional armrests, moving toge- 
ther with the driver, offering tractor and 
implement control by fingertip, often in 
combination with touch screen monitors. 


Highly sophisticated seats improve trac- 
tor ride comfort for all tractor move- 
ments (x, y, and z directions); however, 
pitching is reduced mainly by implement 
damping as mentioned above. 

A modern seat is shown in Fig. 6.23. 


If the actual frequencies of the tractor 
motions are close to the natural frequen- 
cies of the driver-seat unit (Fig. 6.13), 
the seat delivers poor damping. 


Therefore, semi-active or even fully ac- 
tive seat suspensions, front axle, and cab 
suspensions were developed for tractors. 


Fig. 6.23: Seat GRAMMER MSG 95A/731, re- 
presenting level “high” of Table 6.8. 
Photo courtesy GRAMMER AG 
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Fig. 6.24: Active seat suspension system, prototype USA 1968 [6.32]. Symbols ISO 1219 


The performance of tractor seats can be 
improved by semi-active control or fully 
active systems, as mentioned above. 


Simple damping control can be realized 
by viscosity control at the damper piston 
with rheological fluids [6.29, 6.30]. 


Even better results are achieved by fully 
active systems; for example, as had been 
demonstrated by Stikeleather as early as 
1968 [6.31]. He stated in [6.32] that a 
successful control was achieved with the 
system of Fig. 6.24; however, with the 
weak point of high energy consumption of 
the hydraulics. 


In 2002, John Deere presented the Active 
Seat ™, the first commercial active seat 
suspension system [6.33], Fig. 6.25 (left), 
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obtaining its energy from the on-board hy- 
draulics for pump supply pressures be- 
tween load sensing standby (about 35 bar) 
and maximum pressure (for tractor sys- 
tems usually about 200 bar). 


This was a large step forward, but energy 
consumption was still high with an aver- 
age of, for example, about 1 kW. 


This disadvantage was reduced by the 
second generation, the eActive Seat ™, in- 
troducing a highly dynamic electric drive, 
Fig. 6.25 (right), consuming much less 
energy. Its output shaft drives the scissors 
via a planetary counter-rotating (with speed 
reduction), correcting the vertical driver 
position by minimizing the (measured) 
vertical acceleration [6.34]. 


Electric motor, output shaft 
= planetary sun gear 
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Fig. 6.25: John Deere Active Seat™. At left the first generation with hydraulic energy supply as 
explained in [6.33] and in patent DE 601 21 688 T2 (Priority 5.9.2000). 

At right the central unit of the improved generation eActive Seat™ as described in the further pat- 
ent US 8,622,362,B2 (issued Jan. 7, 2014) [6.34] 
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6.5 Tractor noise fundamentals 


Fundamentals of acoustics can be found 
in [6.35]. There are two important types of 
tractor noise levels: 


- Noise level at the driver’s ear ISO 5131) 
- Noise level outside ISO 7216) 


Noise levels at the driver’s ear were in- 
vestigated early on, e. g. by Matthews, et 
al. [6.2]. Practical levels on tractors show a 
broad spectrum, Fig. 6.26 [6.36]. 


100 

y _— Plowing 

ae 87.5 dB(A) 
op Loading and ~ jaa 
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Fig. 6.26: Measured sound pressure collectives 
for three tractor operations. Tractor with an iso- 
lated, but simple low-cost cab [6.36] 


As a simple rule of thumb, a sound pres- 
sure level of 85 dB(A) under full load 
should not be exceeded at the driver’s ear 
during a day. For details see ISO 1999. 

Sound pressures are expressed in effective 
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Fig. 6.27: Example for transportation of sound 
as generated by cyclic pump pressure 
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root-mean-square values. The lowest effec- 
tive sound pressure which can be detected 
by human ears is 20 Pa and was used to 
define the noise level zero dB (6.35, 6.37]. 


Sound pressure Lp is expressed by using 
a logarithmic scale (in dB): 


pe Dp 
L»=10°1 (=) — 20.1 [A 65 
p=10-log (73 og =| (6.5) 


6) 
where 
Pert = effective pressure (root mean square) 
Po= reference value = 20 uPa 


The “A” of the dB(A) respects the hu- 
man reaction by filtering the sound pres- 
sures levels versus the related frequencies 
as standardized in IEC 61672-1 [6.38]. 


The sound emission level of a system 
can be expressed by the sound power level 
[, (also “sound intensity level’’), in dB: 


L, =10-log ea -~Lp-029dB —- (6.6) 


where 


I = actual sound power density in W/m? 
Io = reference value = 10°? Wim? 


The total (absolute) sound emission of a 
system is the total sound power through its 
complete virtual envelopment. It can be 
measured independently of the distance 
between system and measuring points. 


Sound emission can be controlled by five 
design principles, Fig. 6.27: 


- Reducing sound generation at the source 
- Damping impact sound of the structure 

- Interrupting impact sound transport 

- Damping airborne sound 

- Interrupting airborne sound transport 


Tractors in block chassis design without 
any application of these principles of noise 
reduction are usually not able to meet the 
S55dB(A) rule. 


If a cab is rigidly mounted onto the trac- 
tor chassis, the noise level is not reduced, 
but usually increased. This typical mistake 
of many early designs can be prevented by 
putting the cab on silent blocks (Fig. 6.27). 
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How can tractor noise emissions When the engine noise emission was con- 
be reduced? Cabs can protect the siderably reduced, the transmission noise be- 
driver, but they are expensive, came dominant. Acoustic FEM analysis [6.40] 
mainly for small tractors. demanded higher stiffness for housing walls to 

One possibility of reducing the shift their natural frequencies considerably up 
noise without cabs is to abandon above the excitation frequencies, see also the 
the block chassis design, and its design of the ZF transaxle in Fig. 6.30. 


impact sound of engine, transmis- 
sion, and hydraulics which is emit- 
ted by the complete structure. 


Fig. 6.28 (right): The Munich Research 
Tractor, presented Feb. 25, 1988 at 
TU Munich, completely designed by 
T. Kirste (driver, Ph.D. thesis [6.40]) 
and Karl-Th. Renius (Head of Insti- 
tute of Agricultural Machinery, TUM). 
The picture shows driving on the run- 
way of the Konigsdorf Airport south of 
Munich measuring noise levels with 
and without pulling loads. 84 dB(A) at 
the driver's ear could be achieved 
under full load at 7.5 km/h 


Fig. 6.29 (right): Measured sound 
pressures of individual frequency 
bands (dB) and total sound pressure 
level in dB(A) at the driver’s ear for 
the tractor of Fig. 6.28 (83 kW) at 
rated engine speed of 3000/min, sta- 
tionary without load. No cab [6.40]. 
a Standard version, block concept 
b Engine in silent blocks and encap- 
sulated, only slightly open at the 
front (cooling air inlet) and at the 
bottom side (cooling air outlet), si- 
lenced transmission walls 


Ignition _ 
of diesel 
engine 


\\SSSSS 


sound pressure level 


Early research was carried out at 
TU Munich by R. Bacher [6.39] 
under W. Sdhne. 


Later on, the “Munich Research 
Tractor” was developed, Fig. 6.28, 
demonstrating a noise reduction of 
about 12 dB(A), Fig. 6.29, mainly 
by mounting the engine on silent 
blocks, using the hood as a noise 
damping capsule, and optimizing 
the transmission housing acoustics. 


Fig. 6.30: Housing fins and stiff convexities on the ZF TMT 32 transaxle (2018). Courtesy ZF 
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6.6 Cab design 


6.6.1 Design for low inside noise 


Control of tractor noise emissions 1s 
mainly important for the driver as men- 
tioned above. Noise emissions to the en- 
vironment are less important, as the tractor 
is usually working in the field. 


Table 6.9: Design rules for tractor noise reduc- 
tion with particular reference to noise level at 
the driver's ear 


- Engine in silent blocks (chassis frame) 

- Engine encapsulated (holes for air) 

- Optimized engine installation 

- Low-noise engine cooling fan with speed 
control (power on demand) 

- Optimized exhaust gas silencer 

- Optimized position of muffler output 

- Cab mounted on silent blocks 

- No sound bridges from chassis to cab 
(if possible, complete drive-by-wire) 

- Low-noise blower for cab air intake 

- Low noise compressor for air conditioning 

- Cab carefully airtight to keep noise putside 

- Noise insulating mat between engine and cab 

- Noise insulating mat under the cab bottom 

- Noise insulating floor on the cab bottom 
(waterproof and easy to clean) 

- Damping internal cab linings 

- Dished, heavy glazing (not plane) 

- Glazing in rubber settings 

- Transmission in silent blocks (if possible) 

- Torsional damper at transmission input 

- Stiff transmission housings (fins) 

- Helical gears with corrected profiles 

- Hydraulic CVT units in silent blocks 

- Special silencers within hydraulic pipes 
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Fig. 6.31: Silent block for interruption of im- 
pact sound, typically applied for mounting of 
tractor cabs. Courtesy CNH (IH) 


6 Tractor workplace 


But there are traffic regulations in some 
countries (e. g., within the EU) with limits 
for bystander noise levels, when the tractor 
is passing by at a specified distance. 

Design principles for meeting both re- 
quirements are listed in Table 6.9. The 
noise level at the driver’s ear is in the fore- 
ground; it is influenced by acoustics of the 
whole tractor structure. 


An engine in silent blocks interrupts the 
impact sound (body sound) as is usual in all 
passenger cars and trucks. However, it 
requires a frame chassis, which can in- 
crease initial costs. They can be balanced 
by additional benefits such as more flexi- 
bility of engine dimensions and makes or 
reduced added costs for interface elements 
of front implements and front end loaders 
(see John Deere family 6000, chapter 3). 


Encapsulation of the engine is very ef- 
fective in combination with silent blocks 
[6.40] but has limits regarding openings for 
combustion air and cooling, mainly for 
large tractors. The reason: Engine power in- 
creases by at least a power of three of the 
tractor scale factor, but the tractor surface 
areas increase only by a power of two. Air 
input speeds cannot be increased for com- 
pensation as there are limits on keeping 
away plant fibre elements from the input 
screens. The larger the tractor, the larger the 
sum of all openings for burning and cooling 
air in relation to the total bonnet area. 


When the engine noise is under control, 
the noise of transmission and hydraulics be- 
comes dominating. A combined suspension 
in silent blocks together with the engine 
was, for example, applied successfully in a 
special tractor [6.41] but is not used for 
standard tractors. In summary, silent blocks 
play a major role regarding “interruption” 
of the impact sound of tractor structures, 
Fig. 6.31. 

Early cabs which were mounted rigidly 
on the tractor body had no sound reduc- 
tion, the levels even increased [6.42]! 
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6.6.2 Dust, climate, and pesticides 


Dust can be a problem when the 
tractor has no_ factory-installed 
cab. W. Batel reports dust concen- 
trations near the tractor of be- 
tween | and 500 mg/m” [6.43]. 


Other studies [6.44] yield typi- 
cal values of 34-195 mg/m? for 
dry soil near the driver if there is 
no cab. They all recommend closed 
cabs with microfiltered pressurized 
air entrances achieving concen- 
trations of only 0.03-0.50 mg/m’. 


Performance levels of various filter types 
are listed in [6.45], including those for 
microorganisms, see also ISO 179454-1. 


An overpressure of 30 Pa was recom- 
mended for closed cabs in [6.46], while 
at least 30 m*/h are stated in [6.4] to re- 
place the air inside the cab. 


Climate addresses temperature, humidity, 
air intake, and air speed. Comfort figures 
in Table 6.10 [6.47] represent a guideline 
for practical evaluations. 


Detailed requirements are specified in 
Table 6.11, based on ISO 14369-2 (filter 
test in ISO 17954). ISO recommends an air 
intake flow of at least 43m°/h per person at 
a pressurization of at least 50 Pa. EN 15695 
requires 30 m°/h as a must. Without any 
technical aids, the temperatures in a cab 
can reach 10-15 K above those outside the 
cab in full sunshine. A blower can reduce 
this difference to 6-10 K; however, only at 
very high air input rates of 200-400 m°/h. 


Air conditioning systems are able to 
keep indoor temperatures considerably be- 
low outdoor values. Table 6.11 refers to 
comfort zones as defined in ISO 14269-2. 
The shaded area of Fig. 6.32 shows a 
recommended zone of optimal comfort 
between 24 and 27°C, relevant for air con- 
ditioning systems. 


Air temperature 
(driver's head), °C 


ee - W 15-30 | W below 15 
Rel. humidity, % 30-65 S 65-85 | S above 85 
Air speed, m/s 01-05 | 05-10 


*) W= Winter, S= Summer 
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Table 6.10: Guideline for driver’s climate comfort [6.47]. 
For detailed updated values, see relevant ISO standards 


Human feeling: comfortable | not comfort.| unacceptable 
Air input, m3/h 30-90 10-30 below 10 


0-18 below 0 
2/-—37 above 37 


W 18-20%) 
S 24-27 


Table 6.11: Recommended climate data for cabs 


Recommendation of 


Subject 
ne ISO 14269-2 


Fresh air 

Filtered fresh air input > 43m:°/h (at max. setting) 
Air pressurization > 50Pa (max. 200Pa) 

Air filter efficiency | > 96% (w/defined test dust) 
Air velocity < 0.3m/s (at driver's eyes) 


Cooling 
Temperature target 


Comfort zone or 11K below 
ambient temp. of > 38°C 
Ambient temp. at test 32°C dry bulb 

25°C wet bulb 
Engine power at test > 50% 
Tractor speed < 5m/s 


Heating 
Temperature target Comfort zone or 36K above 
ambient temp. (<-12°C) . 


Ambient temp. at test <-7°C (tractor cold) 


. 225 2 
80 7 
= 200 & 
re 1715 = 
= 40 fa 
5 1502 
x 20 : 

0 5 


Dry bulk temperature 


Fig. 6.32: Comfort zone for the driver in tractor cabs, relevant for cooling in summer with air con- 


ditioning systems. 


Source: ISO 14269-2, modified 
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Fig. 6.33: Air conditioning system as used for vehicles, 
Courtesy Behr (modified) 


moving from right to left. 


Table 6.12: Design rules for keeping the 
energy consumption of air conditioning low 


- Cab roof overhang producing shadow 
- Cab with tinted glass 

- Thermal insulation of the cab 

- Favorable (cool) position of air intake 
- Favorable (cool) position of condenser 


- Insulated pipes for refrigerant 

- Compressor only active on demand 

- Compressor with infinitely variable speed 
- Effective heat exchangers 

- Refrigerant fluid with high cooling effect 
- Energy-efficient control system 
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Fig. 6.34: Tractor cab: air flow and pressures 


\ Temp. sensor 


marx Low pressure, fluid 
—— Low pressure, gas 
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Air conditioning systems work 
like refrigerators by using spe- 
cial fluids with low evaporating 
temperatures in a closed circuit, 
Fig. 6.33. 


The gaseous refrigerant is com- 
pacted by the compressor to, for 
example, 16 bar, which in turn 
increases its temperature to about 
100°C. The pressurized gas 


_ Switch for compres- 
High pres-_~ Be || or control P moves to the condenser, in 
sure switch Sages which the gas changes state into 

P| \ Low pres- a liquid when cooled. When it 
—" sure switch arrives at the expansion valve, 


the refrigerant is throttled, re- 
ducing its pressure. The fluid 
evaporates, requires a very high 
amount of specific energy and 
changes its state into cold gas. 
This flows through the evapora- 
tor that cools the cab intake air. 

Air conditioning increases the driver’s 
comfort and performance. A compressor 
power of 3.3 kW was measured for a cab 
temperature of 8 K below outside in full 
sunshine [6.48]. Gohlich cites 2-4 kW as 
an average for similar conditions [6.4]. 
This needs about 0.5 to 1.0 liter of extra 
diesel fuel per hour. Design rules for ener- 
gy savings are listed in Table 6.12. 


Evaporative cooling systems for cabs 
cost much less, perform less well but are of 
interest for small tractors in developing 
countries, proposed with solar cells [6.49] 
to drive the cooling fan and the water pump. 


Spraying pesticides can be a problem as 
conventional dust filters cannot retain chem- 
icals. European standards [6.50, 6.51] 
define a cab classification in four levels. 
The highest must be able to retain pes- 
ticides. This class is obligatory within the 
EU for tractors working with spraying im- 
plements. 

Fig. 6.34 shows an air flow and pressure 
situation. Special cab filters are on the 
market. Air leakage must be kept low. 
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6.6.3 International symbols 


International symbols improve orienta- 
tion for the driver at the workplace with 
respect to levers, pedals, dashboards, ter- 
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minals, and safety warnings, Table 6.13. 
Basic symbols which are well known from 
passenger cars and trucks are not included 
in this survey (to save space). 


Table 6.13: Symbols for operator controls and displays, based on ISO 3767-2. Safety signs and 
hazard pictorials see ISO 11684:1995 (in 2019 under revision) 


AU <AUTO 


Ground speed 
autom. control 


w) OL O 


Engine 
coolant 
temp. 


Four-wheel 
drive control 


Engine 
oil 
temp. 


Engine 
power 
boost 


oO? © 


Transmission speeds 
Intermediate Slow 


ca 
540 


PTO clockwise 
540/min 


Fast 


bn 
Es} 


Rear PTO 


I A 


eer rear hitch 


ee. 


O ©® 


Parking 
brake 


Brake 
system 


Very slow 
Nm 


torque load 


S, 


Differential 


EO <59 Fd gS FI 


Control of 
cab suspension 


Control of front 
axle suspension 


®) 


Engine 
cooling 
fan 


Tire slip 
control 
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Engine 
start 


nmin 
Engine 
rotational 
speed 


F oR Pp dery 


Forw. Reverse Park Automatic 
mode 


le] 


Engine 
emission 
system 


Tranmission 
lubrication 


PTO 
failure 


PTO 


‘ ee 


ee front hitch 


ay () *» 


lights 


Hydraulics, 
oil control 


Tire 


lock functions 
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6.6.4 Tractor overturn safety 


Fatal overturn accidents became a real 
problem with the general introduction of 
tractors in agriculture. As reported in [6.52], 
some 30,000 lives were lost in the US 
from 1921 to 1971 owing to overturning. 


Oct. 23, 1956 
TRACTOR ANTI-TILTING ATTACHMENT 


R.H. STOUT 2,767,995 
Filed June 8, 1953 


Fig. 6.35: US Patent 2,767,995 A on a struc- 
ture preventing sideways overturning by tele- 
scoping side bars, see also Fig. 1.13 


Table 6.14: Introduction of ROPS, milestones 


1954 Early studies of H. Moberg, Sweden 

1956 Early ROPS were tested at the University of 
California, Davis, USA 

1957 First proposal of a pendulum test by Moberg 

1959 Roll-over Protective Structures (ROPS) obliga- 
tory for newly registered tractors in Sweden 

1960 US patent 3,455,598 by J. Deere, charge-free 
offered to competitive tractor manufacturers 

1966 OECD Test Code 3 for dynamic ROPS test 

1966 John Deere offers ROPS for all tractors 

1967 ASAE Standard R 306 (USA) 

1967 Pendulum test part of OECD Test 

1969 In-depth research in USA, UK (NIAE), and 
Germany (TU Munich) 

1970 ROPS obligatory in Germ. for all new tractors 

1972 John Deere Sound Guard Cab in USA with in- 
tegrated ROPS (Nebraska Test 1110, 1972) 

1977 EC 77/536 defines dynamic ROPS Test 

1977 ROPS obligatory in Germany for complete trac- 
tor fleet (~ 1M). All ROPS calculated and 
examined at TU Munich (Schwanghart/Séhne) 

1979 EC 79/622 defines static ROPS test 

1981 ISO 3463 (dyn.) and ISO 5700 (stat. test) 

1983 Static tests are becoming generally used 

1986 ASAE designates two locations as national 
historic landmarks of agricultral engineering . 
for ROPS: Univ. of Calif. Davis and J. Deere 
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Many proposals were made to solve this 
problem through warning or training the 
driver for improved safety sensitivity. 


Sideways overturns were clearly domi- 
nating. A funny US patent, filed in 1953, 
proposed a safety side bar, Fig. 6.35. A 
commercial success is not reported. 


The proposal of “Roll-Over Protective 
Structures” (ROPS) promised much more 
success. A comprehensive study on their 
history was presented along with the His- 
torical Landmark Dedication Ceremony 
by ASAE on Sept. 25, 1986 [6.53]. 


Early studies with various protecting 
structures were carried out, particularly in 
the US and in Sweden, Table 6.14. 


Several patents were applied [6.53] but 
factory-installed safety structures did not 
become popular for a long time. 


Sweden was the first country to introduce 
tested ROPS, becoming obligatory for new 
tractors [6.54]. The test was carried out by 
using a pendulum, Fig. 6.36. This method 
became widely accepted, Table 6.14, being 
cheaper and more easily repeatable than 
field overturns. 


Chain Mass of 
a 
. , Pendulum 
Pendulum height h \  2000kg 


determines input 
energy as a func- 
tion of tractor net 


© Schwanghart 


Tractor rigidly fixed to the ground 


Fig. 6.36: Testing ROPS or complete cabs using 
a 2000kg pendulum from the side and the rear. 
Test energies are derived from the tractor mass 
and realized by the height h. 

Deflection of the structure is limited by a defin- 
ed clearance zone simulating the driver 
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Fatal tractor overturns in Germany p. a. 
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lor 11.1970 - ROPS obligatory for newly registered tractors 
11.1977 - ROPS obligatory for complete German tractor fleet 


German Unification: 
Larger tractor fleet 


2000 [jn 
~< 
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=) 
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2005 H> 


Fig. 6.37: Fatal overturns in Germany, reduction from about 15 per 100,000 tractors and year 
to under 1 per 100,000 tractors and year. Main influence from obligatory introduced ROPS 


Research was carried out in Sweden by 
H. Moberg [6.54], in the US at the Uni- 
versity of California, [6.52], at John Deere 
in Waterloo [6.53], at Silsoe Research In- 
stitute, UK [6.55], and in other places such 
as Italy and Germany [6.56, 6.57]. 


In 1969, 181 lives were lost in Germany 
due to overturning accidents. The Agricul- 
tural Workers’ Insurance (BLB) became 
active and achieved that ROPS were ob- 
ligatory from Jan. 1, 1970 for newly re- 
gistered tractors, Fig. 6.37. The great suc- 
cess prompted the decision to equip the 
total German tractor fleet of about one mil- 
lion tractors with ROPS by Jan. 1, 1977. 


F Test load Mp / 
Mp 
lh. /, Area q 
moments 
of inertia Bending 
~ moments 
Mp Mp 
pf. 3&:h/b+1 yo py, _ 
Z=h are ae My=F/2-Z, Mp=F/2(Z-h) 


Fig. 6.38: Basic mechanics of a simple frame 
dealing as a protective structure. Side force F 
simulates a sideways overturning load [6.57] 


Such a high number of ROPS could not 
be tested. S6hne and Schwanghart deve- 
loped a computer program at TU Munich 
evaluating all the designed ROPS for the 
complete tractor fleet [6.56, 6.57]. 


In order to get a feeling for such calcu- 
lations, Fig. 6.38 shows bending moments 
deforming a simple structure, first elasti- 
cally, than plastically, both absorbing the 
required test energy. As demonstrated in 
Fig. 6.39, full section profiles are able to 
do this most effectively. Similar curves are 
registered for ROPS or complete cabs. 


Full section profile under bending 


SSS ) SSS 


Loading Moment 


Bending stress 
-— Neutral axis 
~ Full section 
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Fig. 6.39: Absorbed energy of a ROPS profile 
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ROPS design and test. Mechanics of side- 
ways tractor overturning and critical typi- 
cal slopes were presented in chapter 3. 

The first OECD Code 3 (introduced in 
1966) specified the dynamic ROPS test for 
wheeled two-axle standard tractors using a 
2t pendulum with the following conditions: 


15 


¢ Calculation (slope 1:2) 


kJ | 4 Pendulum test 
+ Overturning 
2 
S10 
Ww 
a=) 
7) 
= 
w 
ie 
5 
0 


0 1000 2000 3000 4000 kg 6000 
Tractor mass m 
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Unballasted tractor mass between 600 
and 6000 kg and a minimum track width of 
the rear wheels of 1150 mm. 


As tractor power increased, net tractor 
mass exceeded the 6000 kg limit. This prob- 
lem was solved by the development of the 
static ROPS test of OECD Code 4, intro- 
duced in 1983. 


Specifications had been prepared by broad 
research to find out those static test ener- 
gies which harmonize with the ROPS ener- 
gy as absorbed by the pendulum tests. 


One researcher was H. Schwanghart (un- 
der W. S6hne at TU Munich), who derived 
such relationships for sideways pendulum 
tests, practical overturns, and calculation 
results, Fig. 6.40 [6.57]. He concluded that 
only about half of the pendulum energy 
deforms the ROPS. He found the same 
relation for the rearward pendulum tests, 
however, with a broader statistical spread. 


Research by Chisholm (N.LA.E., UK) 


Fig. 6.40: Energy input to the ROPS from the side, 
derived from calculation, pendulum tests and prac- 
tical overturn analysis as investigated at TUM by H. 
Schwanghart [6.58]. 

Static energy to be absorbed by the ROPS (OECD 
Code 4) is introduced as line 1.75 m 


Max. sideways deflection 
of the clearance zone 
at the top 150mm 


® 

e 

® 

=) 

oF 

o z 
ep) i= 
| Firmly fixed to the ground c 
1 Longitudinal rear ..... 1.4m Required energy 
2 Vertical rear ............ 2.0m in Joule = Nm. 
3 Sideways ..........0 1.75 m m = unballasted 


4 Vertical front ............ 2.0m tractor mass, kg 


Fig. 6.41: Static ROPS test specifications as de- 
fined in OECD Code 4 and ISO 5700 


[6.59-6.61] also supported the OECD 
Code using a computer model vali- 
dated by full-scale experiments. An 
EU Directive 77/536/EC for ROPS 
tests was introduced in 1977 following 
joint research by Boyer (France), 
Chisholm (UK), and Schwanghart 
(Germany) to establish energy criteria 
[6.62]. 

Meanwhile, the static test as defined 
in OECD Code 4 [6.63] dominates, 
Fig. 6.41. One reason is its ability for 
large tractors. The sideways energy 
harmonizes with Fig. 6.40. Further 
publications see [6.64—6.67]. 


OECD Code 6 [6.68] specifies 
testing of front-mounted ROPS on 
narrow-track wheeled tractors. 


OECD Code 7 [6.69] addresses 
rear-mounted ROPS of narrow-track 
wheel tractors while OECD Code 8 
[6.70] was developed for ROPS te- 
sting of track-laying tractors. 
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6.6.5 Visibility 

When tractors are equipped with cabs, 
visibility for the driver is reduced and 
should be checked for three reasons: 


- Meeting legal requirements when driving 
on public roads 

- Good view for performing field work 

- Offering safety for people near the trac- 
tor; for example, children 


Visibility can be measured by using two 
point sources of intense light which are 
positioned inside the cab, representing the 
eyes of the driver (with respect to the seat 
index point), Fig. 6.42. 


The procedure is standardized for the 
forward view in ISO 5721-1. A circle with 
a radius of 12m is used to define tolerated 
masking effects. The most important free 
view section is in front measuring 9.5m in 
width. To meet this requirement, mufflers 
of modern tractors of the higher tech- 
nology levels are usually positioned in the 
“shadow” of the right cab front post, as 
shown in Fig. 6.43. 


A position of the muffler ending at the 
bottom of the tractor chassis also offers a 
free view but is not recommended, as the 
exhaust gas can recirculate. 


Very important for row crop operations 
is the visibility of the front wheels from 
inside the cab, resulting in front glazing 
extending below the hood down to the cab 
bottom level, Fig. 6.43. 


Side and rear vision requirements are 
standardized in ISO 5721-2. 


Side fields of vision (left and right) are 
important to prevent collisions with per- 
sons, animals, or other vehicles, and are 
mainly important for large tractors with 
high rear tires, Fig. 6.44. Further require- 
ments are settled for the rear field of vision. 


In order to increase safety even beyond 
all these recommendations, cameras have 
been introduced to monitor non-visible 
sections; see, for example ISO 20112-1. 
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Fig. 6.42: Visibility diagram, shadow silhouette 
produced by two point sources of light repre- 
senting the position of the driver's eyes. This 
example of a standard tractor documents a 
very good visibility. After L. Magnus 1980 


Fig. 6.43: Exhaust pipe in the “shadow” of the 
right cab front post. Courtesy Deutz-Fahr 
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Fig. 6.44: Required side visibility in ISO 5721-2 
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6.6.6 Completely noise- and dust- 
insulated safety cabs 


Fig. 6.45: Safety structure of the John Deere 
“Sound-Guard” cab, 1972. Access from the left 
door at the front. Courtesy John Deere 


Integrated safety structure — 


Hydraulics, PTO speed 
Ranges 
Basic speeds 


yy 
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It was already mentioned in the begin- 
ing of chapter 6 that John Deere took an 
important step with its “Sound-Guard” of- 
fering the first mass-produced noise- and 
dust-isolated cab for standard tractors with 
an integrated safety structure, Fig. 6.45. 


The (black) safety frame was put on the 
tractor chassis via silent blocks similar to 
those of Fig. 6.31. The structure is rein- 
forced in its upper and lower parts owing 
to the high bending moments in these areas 
as explained in Fig. 6.38. 


This cab was evaluated in Nebraska Test 
No. 1110 Oct. 5—13, 1972 on a John Deere 
4430 reporting a noise level at the driver’s 
ear of only 82.5 dB(A) under full power. 

Other tractor and several cab manufac- 
turers followed. The closed “quiet cab” 
soon became popular, Fig. 6.46. 


~ Window can be § opened 


Tiltable 
armrest 


Fig. 6.46: Workplace inside a simple “quiet cab”. View from the main cab access side. Access 
from the opposite side disabled by shift levers and foot pedals. Such a design was typical of the 


first safety cab generations 1975-1990, now typical for technology levels II-III. 


Courtesy 
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Large premium tractors now offer very 
modern cabs with complete drive-by-wire 
equipment, multifunctional armrests, and a 
large number of automatic functions. 
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Two examples are shown in Fig. 6.47 and 
Fig. 6.48. Both offer a comfortable instruc- 
tional seat (ISO 23205) and a good view of 
the front wheels as well. 


——— 
— 


7 

1 
i 
Sif 


Fig. 6.47: Workplace of New Holland tractor line T7 as of 2018. Rated power ISO/ECE 120: 
92-168 kW. Instructional seat (left), multifunctional armrest Sidewinder™ II. Courtesy CNH 


ys i 


Fig. 6.48: Workplace of CLAAS tractor line Axion 800 (2018), rated engine power 142-199kW. 


Instructional seat (left), multifunctional armrest. 


Courtesy CLAAS 
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Four cab classes. Protection against che- 
micals was a problem for a longer period 
of time. As mentioned in chapter 6.6.2, 
standards EN 15695-1 and EN 15695-2 


Table 6.15: Tractor cab classes 1—4 accord- 
ing to its filter equipment, as standardized in 
Europe [6.50]. Test specifications see [6.51] 


Level of protection 


i class 


1 Provides a specified level of protection 
against hazardous substances 


2 Protects against dust 
3 Protects against dust and aerosols 
Protects against dust, aerosols, and vapours 
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were developed which define four classes 
of filter types according to the kind of 
protection, Table 6.15. 


Class 4 cabs are a must in many coun- 
tries in which farmers spray chemicals. 


Cabs of premium tractors offer a multi- 
functional armrest as a standard or option. 
The technical effort needed is very high as 
the seat structure must be able to carry the 
armrest with all its control elements and 
the signals must be transmitted through the 
movable sub frame by wires. 

This is very costly and hence restricted 
to premium tractors, Fig. 6.49-6.52. 


Fig. 6.49: Multifunctional Armrest of John Deere 
premium tractors, introduced with the 8000 line 


in 1994. Courtesy John Deere 


§ Cross gate lever 


Change of x 
direction =~ 
Hand throttle 


EPC and PTO control 
Fd Multifunctional keypad 


Fig. 6.51: Multifunctional armrest of Fendt Vario 
Terminal for premium tractors as of 2018. The first 
Vario Terminal generation was presented in 1998 
and introduced in series in 1999 in the 700 Vario 
line. Courtesy AGCO-Fenat 


Fig. 6.50: Multifunctional armrest Sidewinder Il, 
NH tractor line T7, 2018. Courtesy CNH 


Stop 
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Variotronic, rear hitch, 
and rear PTO 
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Go2 : 
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Raise/lower Raise/lower 
green valve red valve 
Activate cruise Activate cruise 
control 1 control 2 
silat ‘ Activate maximum 
speed engine speed 


Fig. 6.52: Functions of the Fendt joystick of 
the Vario Terminal as of 2018. Drawing of 
the author, based on material from Fendt 
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Displays for engine and trac- 
tor speeds are today often di- 
gital. Analogue speedometers 
offer in addition a survey of 
the actual speed in relation 
to the total range. 


A linear scale is sufficient 
for the engine speed but not 
useful for the vehicle speed 
as its bandwidth is much lar- 
ger, ranging at least from 
about | to 32 km/h, resulting 
in poor readability of low 
speeds 


This is the reason that the 
author proposed during his 
appointment at Deutz a loga- 
rithmic scale replacing the 
linear one, Fig. 6.53 [5.71]. 


The relative accuracy of 
reading is now constant for 
the total range. The idea was 
not employed for lack of 
low-cost electronics. 


It seems that John Deere was thinking in 
the same direction when scaling the ana- 
logue tractor speed display of its dash- 
boards almost logarithmically, Fig. 6.54. 


In addition to analogue speedometers, 
premium tractors feature digital speed dis- 
plays on their monitors. They offer greater 
accuracy which is, for example, welcomed 
for cruise control. 


The cab access of Fig. 6.55, meets the 
requirements of ISO 4252 (Fig. 6.7). A va- 
riable height of the lowest step can solve 
problems with different tire diameters. The 
cab doors are often frameless “only glass” 
with surrounding sealing and metal fit- 
tings, saving costs and weight. The picture 
also shows the typical position of the 
plastic tractor tank for fuel, utilizing any 
available space for adequate fuel capacity. 


The slip-proof steps are protected from 
mud by special fender elements. 
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Fig. 6.53: Proposal of a logarithmic speedometer scale, origi- 
nal drawing of the author, 1980 [6.71] 


Fig. 6.55: Lowest step adjustable, fender pre- 


vents mud deposit (Deutz). Photo L. Volk 
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Safe mounting and dismounting. The 
introduction of integrated ROPS reduced 
the number of fatal overturns (chapter 
6.6.4), with the consequence that other 
accidents now became more important in 
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Fig. 6.56: Safe cab access and exit using 
three fix points. Courtesy AGCO-Fenat 


Roll-bar, U-shape 
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Fig. 6.57: First soft suspended cab (1987) for 


the Renault TZ tractor line. | Courtesy Renault 
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relation to the total number of all accidents. 


This is, for example, the case for mount- 
ing and dismounting the cab. When getting 
on and off a tractor, the driver should al- 
ways keep three points of contact (hand 
rails left and right, slip-proofed steps) with 
the tractor or ground, Fig. 6.56. 


Soft suspensions for improved riding 
comfort became popular for cabs of pre- 
mium tractors in addition to silent blocks. 


In 1987, a first design was presented by 
Renault (France) with its TZ tractor line, at 
that time a progressive and popular ap- 
proach, Fig. 6.57. The kinematics were 
already almost perfect due to longitudinal 
links, transversal wishbones, and a roll-bar 
stabilizer. A general breakthrough did not 
take place due to the high additional costs 
and the tractor height increase as well. 


However, continuously increased tractor 
power led to higher total initial tractor 
costs with the result of decreased relative 
cab costs. Along with a trend towards 
more comfort and due to research results 
[6.4], soft cab suspensions became popular 
first in the high-power premium market 
segment, Fig. 6.58. The first structures 
(after Renault) were simple, but there are 
now also complex systems offered. 


Spring _— 
and damper 


— Silent block 
ans ilent bloc 


Chassis 


Fig. 6.58: Structure of a simple soft sus- 
pended tractor cab. Ideal vertical motion 
is slightly disrupted by additional rotation 
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There is a very broad bandwidth of 
technical cab specifications depending on 
local market demands. 


Table 6.16 shows two typical cases: 
The lo-tech cab protects mainly against 
weather, noise, dust, and overturning and 
still contains several mechanical controls; 
however, observing impact sound. Speci- 
fications are typical for tech level III. 
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The right column is typical for cabs of 
large premium tractors with power levels 
typically above 100 kW. Outstanding com- 
fort results from excellent reduction of vi- 
brations and from climate control. 


Drive-by-wire technologies and CANBUS 
networks enable automatic functions and 
connectivities. High absolute initial costs 
are accepted due to moderate relative costs. 


Table 6.16: Typical specifications of tractor cabs for two technology levels 


Function 


Common 
functions 


Integrated ROPS, power steering, air 
intake blower and dust filter (easy to re- 


place), flat structured floor “waterproof”, 
“hanging” pedals, visibility of front wheels 
and rear hitch points, anchor points for 
seat belts (ISO 3776), tiltable front and 
rear windows, box for documents, all di- 
mensions (including access and exit) 
meeting ISO standards, steps with grip, 
mud guard able to keep them clean. 


Max. noise @ driver's ear 
Seat, air suspended 
Steering wheel adjustment 
Right door of the cab 

Air conditioning 

Cooling box for drinks 
Filter for chemicals 
Multifunctional armrest 
ISO 11783 equipment 
Large touchsreen 

Seat belts 

Manual gear shifting 
Automatic gear shifting 
Engine speed control 
Differential lock shifting 
PTO shifting 

Remote control valves 
External PTO & hitch control 
Automatic steering interface 
Automatic headland turns 
Instructional seat, foldable 
Soft suspended cab 

Work lights 

Integrated radio 

Battery switch disconnector 
Window heating (front, rear) 
Infrastructure for smartphone 


78-84 dB(A) 
Simple 
Simple 
Closed 

Option 

Option 

Option 

Not available 
Not available 
Not available 
Option 
Mechanical 
Option 
Mechanical 
Pedal 

Lever 
Mechanical 
Option 

Option 

Not available 
Simple, option 
Simple, option 
Option 

Option 

Option 

Not available 
Simple, option 


69-76 dB(A) 
High comfort 
Convenient 


Can be opened 


Standard 
Standard 
Often standard 
Often standard 
Standard 
Option 
Standard 

By wire 
Standard 

By wire 

By wire 

By wire 

By wire 
Standard 
Standard 
Option 


Convenient, option 


Standard 
Standard 
Standard 
Standard 
Option 

Standard 
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6.6.7 Electronics and electrics Table 6.17: Milestones of tractor electronics 


Electronic systems have been intro- 


duced more and more for premium 1975 rirst electronic tractor control systems 
tractors since about 1975, Table 6.17, 1987 First BUS proposals of H. Auernhammer 
see also CIGR Book, Vol. VI [6.72]. 1989 German standard DIN 9684, part 1, 
evolved to a final five parts 
The first BUS systems were  stan- 1991 Working group ISO TC23/SC19/WG1 starts 
dardized in Germany based on propo- work on ISO 11783, based on DIN 9684 
sals of H. Auernhammer, Fig. 6.59. 2000 11 parts of ISO 11783 ready, some still 


as drafts; broad introduction begins 
2006 Foundation of AEF (Agric. Industry Elec- 

tronics Foundation) supporting ISOBUS 
2013 ISO 11783 available in 14 parts 


An internal bus for tractor components 
is connected with an open implement 
bus. Early applications are summarized 
in Table 6.18. 


bus terminal 
(control and monitoring unit) 


tractor display 


signal connector 


(DIN 9684) tractor- implement bus 
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Fig. 6.59: German LBS (Landwirtschaftliches BUS-System): H. Auernhammer's first drawing from 
July 14, 1987 [6.73, 6.74]. This structure became the basis not only for the German DIN 9684 
(five parts) [6.75] but also for the international standard ISO 11783 (“ISOBUS’), which was ex- 
panded during 1991-2013 to a total of 14 parts (this was still the status in 2019) 


Table 6.18: Tractor electronics, survey based on proposals of H. Auernhammer. The original publi- 
cation from 1988 [6.76] contains an even more detailed breakdown 


Application of electronics to tractors 


Vehicle components Human relations Tractor diagnostics Farm management 


Tractor-implement 
interface 
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Table 6.19: Integrated precision farming, vision of Avernhammer and Schueller from 1999 [6.78] 


Expert 
knowledge 


Soil Za) 
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Weather 
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In 1991, an ISO working group started 
development of ISO 11783 [6.77]. 


In 1999, the importance of electronic sys- 
tems for “Precision Farming” was demon- 
strated in [6.78] by Table 6.19. This vision 
has meanwhile become reality with even 
more elements; for example, diagnostics, 
tele services, smartphone use [6.79] etc. 
The increased CANBUS applications can 
be read from Fig. 6.60. 
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Fig. 6.60: Delivered CAN controller units of STW. 


Courtesy Sensor Technik Wiedemann (STW, DE) 


The international standard ISO 11783 
was developed in 14 parts, Table 6.20. 


Table 6.20: ISO 11783, fourteen parts [6.80] 


ISO 11783: Tractors and machinery for 

agriculture and forestry — Serial control 

and communications data network, as of 

2013 (14 parts, still valid in 2018 ) 

ISO 11783-1 General standard for mo- 
bile data communication 

ISO 11783-2 Physical layer 

ISO 11783-3 Data link layer 

ISO 11783-4 Network layer 

ISO 11783-5 Network management 

ISO 11783-6 Virtual terminal 

ISO 11783-7 Implement messages 
application layer 

ISO 11783-8 Power train messages 

ISO 11783-9 Tractor ECU 

ISO 11783-10 Task controller and mana- 
gement information system 
data interchange 

ISO 11783-11 Mobile data element dic- 
tionary 

ISO 11783-12 Diagnostics services 

ISO 11783-13 File server 

ISO 11783-14 Sequence control 
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Table 6.21: Example of a network according to [SO 11783-1, pins 1-9 are defined in Table 6.22. 
Regarding the tractor ECUs, there is a trend to integrate them into a central package 


Virtual 
terminal 


Task 
controller 


Implement bus 


= 

Terminating unit (TBO 

erminating uni 

or alternatively break- ECU pea 


away connector 


- Nodes 


ECU ECU ECU 


Table 6.22: Pin allocations of Table 6.21 according to 
ISO 11783-2, first issue 2002 still valid 


Colour Function 


Black 
Black 
Red 
Red 


Pin and code 


1 GND 

2 ECU_GND 
3 PWR 

4 ECU_PWR 
5 TBC_DIS 
6 TBC_PWR 
7 TBC_RTN 
8 CAN_H 

9 CAN_L 


Ground tractor and impl.,<60A 
Isolated impl. ground, <25A 
12V power for implements, <60A 
12V power forimpl. ECUs, <25A 
Control of terminating bridge 
12V power for BUS termination 
Ground for BUS termination 
Data transfer: Signal of CAN Hi 
Data transfer: Signal of CAN Lo 


Red 
Black 
Yellow 
Green 


Test documentation 


Validation and 
system testing 


Specification of 
complete system 


Specification 


Specification of 
subsystems 


Module design - Module testing 
i afl PN 


Software: Implementation 
of coding and testing 


Integration 
and tests 


Fl 


(fi 
> 
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Fig. 6.61: V-model, originally proposed for software deve- 
looments, since about 2004 also for mechatronic systems 
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The structure of ISO 11783 is illus- 
trated in Table 6.21 by a typical 
configuration, meeting ISO 11783-2: 
The principle of the two combined 
CAN BUS systems was originally 
also part of the German DIN 9684. 


The pin allocation is explained in 
Table 6.22 completing Table 6.21. 
The “implement breakaway con- 
nector” contains the BUS signals hi 
and lo for communication and also 
pins for electric power transfer for 
which ISO 11783 also specifies 
wire cross sections. 


Systematic development of elec- 
tronics can be structured by using 
the V-model, Fig. 6.61 [6.81]. 


Developing safety measures as 
early as possible along with the soft- 
ware has been proved [6.81]. 


ISO 12100 and IEC 61508 have 
defined general safety standards for 
machinery electronics since 2010. 

ISO 18497.2 addresses safety of 
highly automated agricultural ma- 
chinery, hence includes tractors. 
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Research at TU Munich [6.81-6.84] ad- 
dressed innovations through electronics. 
This supported, for example, the develop- 
ment of “AGRO NAV” (from GEO TEC), 
the first commercially available automatic 
navigation [6.85]. Integration into a Deutz 
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tractor was realized at the author’s former 
institute at TUM-Garching, modifying the 
hydrostatic steering system for electronic 
control. In 1999, GEO TEC received a 
DLG Gold Medal, the highest award of 
AGRITECHNICA’99, Fig. 6.62. 


c+ 
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: 


Fig. 6.62: First commercially available auto navigation: AGRO NAV from GEO TEC 1999, demon- 


strated by a Deutz tractor transporting people at AGRITECHNICA’99 without driver. 


This first system from GEO TEC 
had a statistical sideways standard 
deviation, measured at the author’s 
former institute, of only about one 
inch but did not achieve comer- 
cial success due to its high price. 


However, similar auto naviga- 
tion systems later on became very 
popular for premium tractors, of- 
fered in graded precision levels 
(and related graded prices). 


High accuracy, Fig. 6.63, requ- 
ires corrected GPS signals [6.86]. 


In 2008, the AEF (Agricultural 
Industry Electronics Foundation) 
was founded to support [SO 11783, 
mainly through conformance tests 
initiated by the industry, but also 
through public tests, for example 
through the plugfests which be- 
came very popular events [6.87]. 


tic tractor guidance systems. 
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Fig. 6.63: Typical field in springtime in 2017 near Munich, 
Germany, demonstrating the precision of modern automa- 


Photo: Author 
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Fig. 6.64: First integrated electric power net 
(20 kW), presented by John Deere 2008 with 
its E-Premium tractors 7430 and 7530 (118 
and 129 kW ECE R24) 


6 Tractor workplace 


Electrification of tractor functions has 
advantages in specific cases, mainly for in- 
creasing energy efficiency. 


All larger tractor manufacturers investi- 
gated the potential. Diesel-electric ground 
drives were found to offer no sufficient be- 
nefits. However, there is potential on a lower 
power level to replace, for example, mecha- 
nical or hydrostatic drives, usually by elec- 
tric 3-phase motors. Their output speed is 
controlled by frequency of inverters. 


In 2008, a first series-produced system 
was introduced by John Deere, Fig. 6.64. 


Premium tractors are today “filled” with 
a complex system of electrics and electro- 
nics, Fig. 6.65. 


Fig. 6.65: Electric system of the John Deere tractor 6250R (184 kW rated power 97/68EC, 2018). 
The system contains about 60 sensors, 20 control units, 3000 m of wires and as many as 6 mil- 
lion lines of software. A disconnect master switch can prevent break downs of the battery due to 


leakage currents or not deactivated electric loads. 


Courtesy John Deere 
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7.1 Introduction 


The standard tractor becomes pro- 
ductive in agriculture only in 
combination with implements or 
trailers. A very few special trac- 
tors offer platforms for transport. 


Used in a broad variety of con- 
figurations, tractor-implement com- 
binations are the most important 
technical aids of agricultural mech- 
anization; some typical versions 
for upland farming are shown in 
Table 7.1. 


Tractors for wetland farming 
are often combined with only a 
rear rotary power tiller. 


Basic requirements of tractor- 
implement combinations are lis- 
ted in Table 7.2. They include 
public traffic law requirements, 
which are, for example, strict in 
Western Europe and similar re- 
gions. Demands of precision agri- 
culture and smart farming are met 
by a high level of information and 
automation technologies. 


Working processes can be im- 
proved considerably by replacing 
open loop controls by closed loop 
controls as already addressed in 
Table 6.2. The cybernetic prin- 
ciple of a closed loop control is 
demonstrated in Fig. 7.1: 


The work output is continuously 
detected by sensors and com- 
pared to a given target in order to 
adjust the result permanently and 
automatically to the target by 
actuators. 

An early, but very important 
example of applying this prin- 
ciple is the draft control for tractor- 
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| (AR @®) | 
| Check for 


| updates | 


plow systems, see the famous British patents of 
Harry Ferguson (page 226) and the text below. 


Advancements in precision agriculture are sup- 
ported not only by the ISOBUS framework of the 
tractor-implement system (see chapter 6) but also by 
signals of global navigation satellite systems (e. g. 
GPS) which are improved by correction systems. 


Table 7.1: Popular tractor-implement combinations 


Semi-mounted implements rear Implements pulled by drawbar 
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Table 7.2: Tractor and implement: Basic requirements 


Field work Headland turns 


High speed 


Low first costs for 
meeting public 
traffic regulations 
Low set-up time 


Low CO? footprint 
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Economic process, Needed time 
low down time max. 15-20s 
Well adjusted to High level of 
farm management maneuverability 


Soil protection 


Meeting ISO 9001, Sustainability, Comfort, Visibility, Safety 


Target 
| 


Process with 
Regulator +>“ actuator(s) 
Feedback of actual value 


Disturbing factors 
Output 
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Fig. 7.1: Basic structure of a closed loop control system 


K. Th. Renius, Fundamentals of Tractor Design, 
https://doi.org/10.1007/978-3-030-32804-7_7 
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Table 7.3: Typical sequence of actuations for head- 


land turns of a system similar to that of Fig. 7.2 


OOnNoahWNDN — 


29 


Move total control to headland process (GPS) 
Raise front implement using tractor front hitch 
Raise first rear implement using tractor rear hitch 
De-activate rear PTO 

Raise tool arm for track marker 

Raise second rear implement using impl. hitch 
Stop seeding process 

Raise seeding machine using implement hitch 
Disconnect differential lock of front axle 
Disconnect differential lock of rear axle 
Disconnect four-wheel drive 

Reduce engine speed 

Shift transmission to headland forward gear 
Activate automatic steering 

Increase and reduce engine speed 

Shift transmission to headland reverse gear 
Shift transmission to forward gear 

Increase engine speed 

Connect four-wheel drive 

Engage differential locks 

Lower front implement to working position 
Lower first rear implement to working position 
Activate rear PTO, selecting the right speed 
Adjust engine speed for desired PTO speed 
Put track marker in working position 

Lower second rear implement to working position 
Activate seeding process 

Shift transmission to working speed 
Move from headland to working control 
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Complex implement combinations 
have become popular for premium trac- 
tors mainly in Europe, Fig. 7.2 and 7.3. 


Fig. 7.2: Tractor-implement system for com- 
bined tillage and seeding 


Field preparation and seeding can be 
done in only one path: 


- Crack the clods at the surface in front 
- Refine the soil with a power harrow 

- Reduce the pores with a compactor 

- Put the seed down in the right position 
- Cover the seed by a light harrow. 


Manual headland management is a 
very busy process as it consists of a 
high number of actuations, Table 7.3. 


Automatic systems [6.83] are able to 
perform the complete sequence automa- 
tically in about 15 seconds, and meeting 
proposals of ISO 11783-14. 


Fig. 7.3: Tractor-implement system for combined tillage and seeding in one path. Courtesy CNH 
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7.2 Tractor-implement management (TIM) 


Automation of a working process of 
tractor-implement systems needs digital 
communication using ISOBUS (chapter 
6.6.7) with closed loop controls (Fig. 7.1). 


Criteria are performance, work quality, 
energy consumption, environmental protect- 
tion, comfort, safety, and finally economy. 

The author identifies three main techni- 
cal areas of automation, Table 7.4, in 
which closed loop circuits play a central 
role. Communication between these levels 
is possible via ISOBUS; however, internal 
closed loop controls of components can 
work independently on the lowest level. 


Examples for this lowest level are the con- 
trols of engine speed, transmission ratio, 
PTO speed, three-point hitch force and/or 
position, electric generator speed, air pres- 
sure system performance, and air condi- 
tioning compressor speed. 


Examples for the mid level are the power- 
train management of the engine-transmis- 
sion system, engine-PTO powertrain, and 
engine cooling system. 


The highest level of automation is called 
Tractor-Implement Management (TIM). 
It can, for example, be realized by the stra- 
tegy “implement controls tractor,” shown 
with two examples in Fig. 7.4 and 7.5. 


ISOBUS, 
hydro pipe, Sensor 3 detects filling 
Sensor 1 P10, ane 
towing bar Sensor 2 Floor feed 
soars lave detects drum nouns 


Table 7.4: Three levels of automation 


Automation of the total work- 
ing process of tractor-imple- 
ment or tractor-trailer sys- 

tems 
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Internal management of 
relationships between com- 
ponents of tractor or imple- 
ments 


Internal closed loop con- 
trol of demanded settings 
of tractor and / or imple- 
ment components 


Fig. 7.4: Baler sensors detect throughput, 
keeping it constant by adjusting tractor speed 
for optimum baler workload. Closed loop con- 
trol via ISOBUS reduces the risk of material 
blockage and optimizes performance. Proto- 
type stage in 2018. Courtesy AGCO-Fenat 


Fig. 7.5: Implement guided tractor control: Sensor 1 detects the layer cross-section, achieving 
constant throughput by variation of tractor soeed at constant PTO speed, which needs a tractor 
with CVT. Sensor 2 detects drum torque, which is kept constant by adjusting the trailer floor feed 
via tractor remote hydraulics. Closed loop control via ISOBUS improves field performance and 
reduces risks of material flow blockage. Proposed by Poitinger and John Deere 
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Table 7.5: Deriving Agricultural Perfor- 
mance Levels for a mechatronic system 
according to ISO 25119-2:2019. 
Inputs: - Severity S 

- Exposure time E 

- Controllability C 


DIN V 19250:1994 was cancelled 


Controllability 
——» decreasing 


seldom | | | | 


(high) 


| Increasing requirements 
Exposure time to hazardous event 


Severity 


QM stands for general quality 
measures, making special safety- 
related functions unnecessary 


a,b,c, d,e=required Agriculfu- 
ral Performance Levels AgPL, 
a — lowest required AgPL 
e —highest required AgPL 
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Specific safety requirements have to be 
considered in tractor design, especially if 
electronic systems are employed in auto- 
mated systems (Table 7.4). As a general 
recommendation, the development of inte- 
grated safety systems should be part of the 
general development process as illustrated 
in the V-model (Fig. 6.61). 


Basic principles of risk assessment of 
technical systems are standardized in EN 
ISO 14121:2008. 


Parts 1-4 of ISO 25119 have been de- 
veloped for tractor-implement and _ fo- 
restry systems, updated in 2019. 


Part 1 defines: The key objective is that 
the designers ensure that the safety-related 
parts of a control system produce outputs 
which achieve the risk reduction objectives 
of ISO 14121. 


Part 1 defines the risk as 


a combination of the probability of occur- 
rence of harm and the severity of that harm. 


Part 2 contains a procedure to derive con- 
sequences for specific cases, which are 
addressed by input symbols C, S, and E, 
Table 7.5. The symbols have the follow- 
ing Meanings: 

- C Controllability: potential driver reac- 
tion to prevent a hazard, CO means per- 
fect control, C3 no chance of control. 


- S Severity of the case: SO means “no 
significant injuries, requires only first 
aid’, S3 means “survival uncertain’. 

- E Exposure time: EO means that the 
critical situation is expected “extremely 
seldomly”, E4 means “frequently”. 


QM means in Table 7.9 that the quality 
measures of the basic design exclude ha- 
zards. Symbols a—e represent an Agricul- 
tural Performance Level AgPL which re- 
quires specific safety-related functions. To 
cover unknown relevant risks of im- 
plements, an AgPL one step higher is re- 
commended by experts. Hard- and soft- 
ware development see ISO 25119, part 3. 
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7.3 Tractor-implement interface 


In its first development phase, the agri- 
cultural tractor was mainly used for pul- 
ling implements and trailers and driving 
threshing machines. This has changed. 


The first powertrains for implements 
only worked mechanically; however, mod- 
ern tractors also offer other power 
transmissions by hydrostatics, up-coming 
electrics, and in some cases by pneumatics 
[7.1]. 

The most important interfaces in all 
countries are the three-point hitch and the 
rear PTO. Additional connecting elements 
for trailers are important in some regions 
such as Western Europe or developing 
regions such as Africa, China, or India. 


Premium tractors offer more functions; a 
rear interface for a modern Western Euro- 
pean tractor is shown in Fig. 7.6. Other 
markets favour drawbars to pull large im- 
plements with less priority for trailers. 


Table 7.6 summarizes the most impor- 
tant interface components. The listed stan- 
dards enable various combinations of trac- 
tors and implements worldwide even from 
different manufacturers and countries. 
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Fig. 7.6: Rear interface of a modern tractor with 
PTO, three-point hitch, clevis coupler (trailer, 
movable up and down), 80 mm ball coupler, 
sockets for hydraulic remote control, electric 
power, ISOBUS, etc. Photo: Author 


Table 7.6: Survey of tractor-implement interfaces for power transfer. Electric connectors for 48V 
and high voltage (AC, DC) are expected but not yet standardized 


Mechanics Hydrostatics 


Rear elements: 

- 3-point hitch (ISO 730) 

- Hitch hook (ISO 6489-1) 

- Clevis 40 coupler 
(ISO 6489-2) 

- Drawbar (ISO 6489-3) 

- Piton fix (ISO 6489-4) 

- Clevis, non-swivelling 
(ISO 6489-5) 

- 80 mm ball (ISO 24347) 

- Rear PTO (ISO 500) 


- Standard quick- 
action couplings 
(ISO 10448, 
ISO 5675, 

ISO 16028) 


- Power beyond 
couplings 
(ISO 17567) 


- Couplings for 
trailer brakes 


- Front 3-point hitch and 
(ISO 5676) 


front PTO (ISO 8759) 


- 7-pole connector 12V 
(ISO 1724) 


- Integrated 12 V con- 


- Connector for 
nector (ISO 11783) 


trailer brakes 
(truck technology) 
- Single 48 V con- 


nector , 
- Connectors for tire 


inflation control 


- Single high voltage 
AC connector 


- Connectors for 
pneumatic actu- . 


- Single high voltage ators (ISO 4414) 


DC connector 


or 
ie) 
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The following two pictures demonstrate typical practical situations regarding the tractor 
interface. The cab of Fig. 7.7 allows a certain access to rear interface elements. When the 
driver dismounts the tractor to connect remaining couplings, he (or she) can operate 
several interface functions using buttons on the fender. A typical configuration of a PTO 
drive line from tractor to implement with universal joint shaft is shown in Fig. 7.8. 


Fig. 7.7: Rear cab window open for access to elements of the rear interface. When the driver 
dismounts the tractor he (or she) can, for example, operate PTO, hitch, and hydraulic valves by- 
buttons on both fenders left and right, typical for premium tractors. Courtesy AGCO-Fenat 


Fig. 7.8: Typical PTO drive shaft between tractor and implement. Courtesy AGCO-Fenat 
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Many types of mechanical connections 
are in use [7.2], the most important of 
which are specified by ISO, Table 7.7. 

They support a worldwide compatibility 
between tractors and implements improving 
economics in agricultural mechanization. 
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All these connectors should meet stan- 
dardized relations to the PTO shaft po- 
sition, mainly in length (for drawbar see 
Fig. 5.15). This is important as many im- 
plements or trailers need access to both, 
the PTO and a towing connection. 


Table 7.7: Basic mechanical tractor-implement interface components and related ISO standards 


Basic mechanical connections 
(standard in many countries) 


There is not enough space fo install all 
standardized elements at the same time. 
However, extra flexibility is obtained by 
putting the trailer coupling in vertical 
rails, moving if on demand up or down 

for adequate PTO clearance and safety. 


The length of the upper link of the 
three-point hitch can be adjusted 
manually or hydraulically, optionally 
also with integrated damping function 
for smooth implement transportation. 


Special mechanical connections 


Hitch hooks can be moved up and down, 
linked to the three-point hitch mechan- 
ism. 1S06489-1 specifies dimensions 
for vertical loads < 30 kN. 

Application for non—balanced trailers. 


Drawbars are standardized in six cate- 
gories for maximum nominal vertical 
loads of 5 to 30 KN. Their length may 
be adjustable and there are versions 
that swivel horizontally. 

Application mainly for large tractors 
pulling large implements. 


Piton fix is also a connection for non- 
balanced trailers, only used in a few 
markets. ISO 6489-4 contains dimensions 
for vertical loads < 30 kN and speci- 
fies maximum keeper conture. 


The 80mm ball-type coupling for agricul- 
ture allows nominal vertical static loads 
of 13-33kN (40KN of first issue revised !). 
“Short position”, PTO type 1 and 2: 27kN 
“Short position’, PTO type 3 and 4: 33kN 


ISO730 


Three-point hitch 
: Upper link 


/ 


Trailer coupling 


Rear axle 1 10 6489-2 

with final "  1$06489-5 

a Rear PTO 
ISO500 


ISO 6489-3 


Minimum keeper surface 


Cicm 


ISO 6489-4 


Keeper 
» p 
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Universal joints and drive shafts play 
an important role for the powertrain from 
the tractor PTO shaft to PTO-driven im- 
plements [7.3]. Design and calculation fun- 
damentals were presented with the support 
of GKN Walterscheid in [7.4]. PTO drive 
shafts are designed telescoping to deal with 
changing geometric combinations of trac- 
tor and implement without any constraints 
or damaging effects. 
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Simple universal joints produce velocity 
variations when tilted, Table 7.8 (upper 
part). They create torque vibrations with 
high peak torques; hence, reduce the ser- 
vice life of the whole PTO powertrain. 


Velocity variations can be compensated 
for by special configurations of the joints, 
Table 7.8 (lower part). Wide-angle con- 
stant velocity universal joints are derived 
from the W-type of Table 7.8, Table 7.9. 


Table 7.8: Basic configurations of PTO drive shafts between tractor and implement with single 
universal joints. Incorrect arrangements produce vibrations with oscillating extra torques which 
can damage the drive line. Related mathematic fundamentals are presented in [7.3] and [7.4] 


Implement 


a=) 
7 
a=) 
re) 
> 
o 
wv 
-O 
=) 
-— 


Recommended 


Load dynamics, typical examples 


PTO torque 


PTO torque 
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Table 7.9: Wide-angle constant velocity universal joints with internal W-type compensation allow 
high flexibility and low risks of misuse for PTO powertrains between tractor and implements 


One wide angle constant velocity uni- 
versal joint and one universal joint 


Two wide angle constant velocity uni- 
versal joints: maximum flexibility 
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Guard cone, fixed 
against rotation 


min a \ 


= 

= 

= 
—a 


Ps 
TF 


el 50 


Tractor master shield 


Wide-angle constant velocity universal joint 
Guard bearing, grease lubrication 
Inner telescoping profile, rotating 


Outer telescoping profile, se = RG 
1 ous 


———— 


Telescoping guard, fixed against rotation 
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Fig. 7.9: Typical PTO drive shaft between tractor and implement. Popular configuration as 
shown in Table 7.9, left type. Attention should be paid to the safety elements protecting the 
rotating parts and to the telescopic shaft profiles as well, which need good lubrication to limit 


thrust forces. Safety elements are defined in |S05673-1 and EN12965. 


The left drive shaft configuration of 
Table 7.9 is very popular; hence, shown in 
more detail in Fig. 7.9. All PTO drive 
shafts between tractor and implement must 
be designed with telescoping elements in 
order to allow length variations in turns or 
during other implement movements. 


Unguarded drive shafts are dangerous as 
human contact can create severe injuries. 
Safety elements were developed to cover 
the complete rotating PTO shaft system. 
ISO 5673-1 and EN 12965 contain detailed 
specifications which are used for safety 
approvals in many countries. 

Thrust forces can be a problem, mainly 
under full load. ISO 5673-1 recommends, 
for example, a maximum value of +12 kN 
for PTO type | and 2 and <115 kW shaft 
power (Table 5.8). This requires proper 
grease lubrication of the sliding profiles. 


/] 
HaiNcaian’ aie 


Fig. 7.10: Wide-angle constant velocity uni- 
versal joint (W-type, Table 7.8). 
From [7.4], modified 


Several sources 


The thrust force F,, can be calculated as 
follows: 


T 


1 
Boe ee (7.1) 


where 
T = torque of PTO drive shaft 
r = effective radius of circumferential force 
= coefficient of friction (lubricated ~ 0.1) 
c = coefficient of profile geometry (< 1) 


Hence, high thrust forces can result from 
a small effective radius (7), unfavorable 
geometry (c), and poor lubrication (Jd). 

A wide-angle constant velocity universal 
joint is shown in Fig. 7.10 and 7.11. 

Its kinematics are based on two simple 
universal joints of the W-type (Table 7.8) 
with an ultra-short connecting shaft. 

The W-type geometry is forced by the 
movable disc in a conducting chamber. 


Fig. 7.11: Wide-angle constant velocity 
universal joint (W-type, Table 7.8). 
Courtesy GKN-Walterscheid 
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7.4 Three-point hitch: Structure, 
standards, survey on controls 


Upper link 
draft sensor 


Lift 
cylinder 


. 
= 7 
Saal 


ENAANAAAAAAAAAAAARARRRARRARS _ 


Pump: 1 piston, poppet 
valves in and out, flow 
||-— control by throttling in- 


take cross-section with 
the control valve 


Valve in neutral 
position 


Pe 


Y LLL 
Qn: 


Fig. 7.12: Early structure of the Ferguson 
system for implement draft control using an 
upper link sensor to convert compressive 
force to movement. Position of control lever 
represents the pull force target (after [7.8]) 
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Fig. 7.13: Tractor of David Brown-Ferguson 
(20 hp) pulling a plow. This was the first com- 
mercial application of the Ferguson system. 

Two-furrow plows were the standard for such 


tractors at that time. | Courtesy AGCO-Valtra 
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The Fordson F tractor (chapter 1.3) was 
ahead in many technical aspects at its time 
but did not satisfy all practical criteria re- 
garding the connection of plows. 


This motivated Harry Ferguson (1884- 
1960) to develop improved structures. He 
submitted his first patent as early as 1917; 
at least eight others followed [7.5]. Some 
of them were addressed in chapter 1.3. 


Patent No. 226,033 [7.6] (filed in 1923) 
contains the connection of a plow with the 
tractor rear by a three-point linkage while 
patent No. 253,566 (filed in 1925) includes 
the well-known draft control [7.7]; hence, 
it can be called Ferguson’s master patent. 


Ferguson’s idea was to carry and con- 
trol a mounted plow automatically by the 
tractor with the following benefits: 


- Lightweight tractors for low initial costs 

- Weight transfer for better traction 

- Improved quality of plowing 

- Prevention of “plow sticking in the mud” 
The proposed signal was either the imple- 

ment force measured by springs or the 

torque of the final drive (for example, by 

the thrust force of a worm drive). 


Ferguson proposed three types of actu- 
ators for closed loop draft control [7.7]: 


- Mechanical 
- Electrical 
- Hydrostatic 


In 1936 he improved his system by his 
British patent No. 470,069, Fig. 7.12, rea- 
lized in the same year in series production 
of Ferguson-Brown tractors; hence, the 
first commercial application, Fig. 7.13. 
The control lever was used for both, mov- 
ing the plow up and down on the headland 
and setting the control target. 


The Ferguson system is one of the most 
important applications of closed loop con- 
trols in agricultural mechanization. Closed 
loop controls became very important for 
many other applications as major pillar of 
precision agriculture and smart farming. 
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The modern three-point hitch has one 
central or two outside cylinders, Fig. 7.14. 

The upper link, the lift rods, and the 
stabilizer are usually adjustable in length. 
Dimensions are standardized, Table 7.10. 

The nominal lifting force at the lower 
hitch points should be about equal to the 
tractor net weight for tractors using mount- 
ed implements. ISO 789-2 [7.9] defines the 
nominal value for 90% relief valve setting. 


Fig. 7.14 (right): Linkage of three-point hitch 
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Two liff arms 


Lift shaft 
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Virtual ~ 
vertical 
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Table 7.10: Rear three-point tractor hitch: interface to implements as standardized in ISO 730 


Centerline 
of tractor 


Tver link 


Lower links 


Category 


Nominal kW at PTO 30-92 60-185 


Upper hitch point 


ppiaronpimbole 


B; Width of ball 
Lower hitch points 
d2 Dia. of pin hole 


Distance from 
tractor centerline 


Horiz. distance 


25.0 PTO shat 00 
iz. di Not recom- 600 +128 
(45 ® PTO shaft) mended -10 


Horiz. distance 


Lowest height of 


é : 2 
lower hitch points sisi 


45.2 *08 


Not recom- 
mended 


650 *128 


230 max. 


*) If the tractor has a track width <1150 mm, this value may be reduced to 50mm min. 
Mast height is not standardized for the tractor triangle, but for the implement triangle 
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Fig. 7.15: Graphic solution of the three-point hitch 
ratio [7.11]. Mathematical models see [7.11-7.15]. 
Lifting capacity is defined in ISO 789-2 : 2018 [7.9]. 
Nominal pump pressure is 200-210 bar according 
to limits for implements by ISO 10448:1994 [7.16] 
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Fig. 7.16: The two basic cases of connecting moun- 
ted implements such as plows with the three-point 
hitch system. A floating position, B implement draft 
control by the three-point hitch control valve 
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The kinematics of the linkage can be 
simplified in a two-dimensional (plane) 
diagram, Fig. 7.15. If a certain vertical 
force, for example implement weight F, 
is given, the lift torque can be derived 
from the distances BC and AC [7.11]. 
Full load efficiencies (cylinder pressure 
to implement) are about 80-85 % due to 
friction losses [7.12-7.14]. 


Three-point hitch controls can be 
classified roughly into two groups, A 
and B, Fig. 7.16. 


The simple system (A) connects the 
implement in an up-down floating posi- 
tion only; no lifting forces during work. 
The implement is self-conducting in 
depth according to the equilibrium of 
all implement forces, mainly support- 
ing forces. The line of draft crosses the 
virtual hitch point. As there are almost 
no vertical loads transferred to the 
tractor, there is no “Ferguson effect’; 
hence, almost no additional vertical tire 
loads for improved traction. However, 
a simple improvement can be achieved 
by a slight constant pre-pressure on the 
system, resulting in carrying a certain 
fraction of implement weight and hence 
improving traction. 

A logical use of Ferguson’s inven- 
tion needs a force sensor to keep the 
pull force constant via the control valve 
(Fig. 7.12). The implement is now 
mostly carried by the tractor with only 
low supporting implement forces, as 
shown in Fig. 7.16 B. This now im- 
proves traction and prevents sticking. 


However, Ferguson’s principle still 
has some disadvantages: 


1. If the field soil density increases in 
spots during tillage operations, the sys- 
tem lifts the implement, reducing tillage 
quality. 

2. Simple mechanical draft control sys- 
tems can be unstable at high control 
amplification factors [7.14, 7.17, 7.18]. 
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Table 7.11: Survey of sensors possible for force 
measurement [7.20]. The marked areas indicate 
practical applications 
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Mechanics: Hydraulics: Electrics: Force F 
Force F-~ Travel x Force F-»Pressurep -»Voltage U 


\ 
Control valve 


Fig. 7.17: “Mixed” control, compensating dis- 
advantages of the simple draft control 


An improved system, based on a pa- 
tent of John Deere [7.19], measures the 
implement position by a second sensor 
and mixes this signal with the force 
signal, Fig. 7.17. The mix can be varied 
continuously between 100% force and 


100% position control. Table 7.11 shows a survey of Hesse [7.20] 
The mixing effect is a compromise: It © force transducers (F force, x travel). 
smoothes the variations of implement M1 represents the Ferguson sensor, M3 is a 


working depth but, at the same time, | cheap lower link sensing (John Deere). E3 is 
reduces the sensitivity of the draft con- part of the Bosch EHR and H3 was used for 
trol. However, this characteristic leads | Rexroth-IH SHR [7.21]. The number of po- 
to a welcomed increased dynamic stabil- _ tential control types has increased along with 
ity of the closed loop control [7.14]. progress in electronics, Table 7.12. 


Table 7.12: Basic tractor hitch control strategies, among which the positions 1 to 7 dominate 
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7.5 Global design demands, loads, control systems, electronics 


Upper link length adjustable by 
tractor hydraulics (often as option) 


Lift rods 


ial 

i" \] ~ manually 

aS adjustable 
_ = in length | 

he 2 
Fig. 7.18: Integrated hydraulic hitch cylinder of trans- Fig. 7.19: Typical rear three-point 
axle ZF T 300 (later T 3000) with 12/6 speeds, very hitch of a modern tractor. Hydrauli- 
popular in Europe for large tractors from 1966 to cally adjusted length of upper link is 
about 1994. Courtesy ZF a popular option 


From about 1960 to 1990, the typical trac- 
tor hitch had one large hydraulic cylinder, 
which was well integrated into the rear 
transmission housing, Fig. 7.18. A de- 
velopment by Deutz (KHD) achieved very 
high production volumes [7.22]. It can still 
be helpful for hitch developments for trac- 
tors of lower technology levels, Table 7.13. 


Additional outside cylinders were used 
around 1970-1985 for large tractors. The 
typical present design for premium tractors 
is shown in Fig. 7.19. Maximum working 
pressures rose from about 70 bar in 1951 
[7.8] to now 180-200 bar [7.22, 7.23] due 
to improved gear pumps with leakage com- 
pensation or modern axial piston pumps. 


Table 7.13: Three-point hitch linkage functions and control, classified into five technology levels 


Hitch linkage Force control 
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(X) often as an option EHR: electro-hydraulic regulation (BOSCH) * Low-cost EHR 
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Pressure input increases length 
and opens output for return flow 
through the double check valve 
(black spool) 
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Semi-automatic coupler, 
e. g. Walterscheid “WKS* 


Fig. 7.20: Hydraulically operated upper link for working with mounted implements, usually 
offered as an option. The double check valve closes with practically no leakage. Recent 
developments have integrated sensors for position feedback; for example, for keeping a 
Courtesy GKN Walterscheid 


fertilizer soreader horizontal or to improve plow control [7.24]. 


Upper links of the three-point hitch 
can be ordered with hydraulic remote 
control, Fig. 7.20. The principle can 
also be applied to lift rods, even to the 
lateral stabilizer of the lower links. 
Most recent designs are offered with 
integrated position sensors. 


Loads for dimensioning. Elements of 
three-point hitches have to bear high dy- 
namic loads, mainly during driving on 
rough surfaces or over obstacles at high 
speeds with heavy mounted implements. 


Lift rod forces can be used well to 
derive load forces of other elements 
such as cylinder loads (and pressures) 
or bending of lower links. 


The measured load track of Fig. 7.21 
demonstrates the dynamics, in this case 
with a peak of 120KN at an average stat- 
ic load of only about 35KN. The frequen- 
cy is about 1.8 Hz, relatively high 
because of the small distance of the 
ballast from the tractor rear and no front 
mass (see equation 6.4). Fig. 7.22 con- 
firms such peaks with forces up to 130 
KN equal to 260 % of tractor net weight. 


Considering unequal forces left and 
right, the maximum for the single lift 
rod for heavy mounted implements may 
peak at about 170% and for top links at 
up to about 180% of tractor net weight. 


Dynamic tests should use rainflow load 
spectra; time portions only for control. 
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Fig. 7.21: Measured sum of both rear lift rod 
forces of standard tractor Fendt 509C (70 kW). 
Net weight 5000 kg, front suspension blocked, 
rear ballast 1.7 t (center of gravity 0.425 m behind 
coupling triangle). Driving with 20 km/h over a 
ramp of 5.3cm height and 2m length [7.25] 
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Fig. 7.22: Load spectrum of the sum of both lift rod 
forces of the rear three-point hitch for heavy con- 
ditions: driving 25 km/h on ISO 5008 “smooth track” 
with the tractor configuration as from Fig. 7.21 [7.25] 


232 


Performance of rear three-point hitches 


90 | 

kN Standard lift Lift rods 5cm shorter 
rod length 

70 ae. 


Hitch force at lower links 
[~ 
(om) 


10 Hydraulic pressure equal to 90% 
of pressure relief valve setting 
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20 30 40 50 60 70 80 90 100 cm 120 


Position of lower link hitch points 


Fig. 7.23: Hitch forces at lower links of a 
Fendt 500 Vario tractor (120 kW EG 97/68), 
measured by DLG TestService GmbH, GroB 
Umstadt, Germany, on behalf of profi maga- 
zine, published in 2014. Data courtesy profi 


Performance is usually measured in ac- 
cordance with ISO 789-2 [7.9], which was 
harmonized in 2018 with OECD Code 2. 


Both recommend measuring lift forces at 
the lower links with an adjustment of the 
linkage to achieve the power range and 
lower hitch point height as specified in 
ISO 730. Hydraulic pressure shall be equi- 
valent to 90% of the relief valve setting. 


Output of one complete lift 


0 25 50 75 
Rated engine power 


100 


Fig. 7.25: Working capacity (output energy of 
one complete lift) of the rear hitch versus rated 
engine power. Values from OECD tests 1983- 
93 for 90% of relief valve pressure [7.14] 
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Hitch force at lower links 


Hydraulic pressure equal to 90% 
of pressure relief valve setting 


20 30 40 50 60 70 80 90 100 cm 120 
Position of lower link hitch points 


Fig. 7.24: Hitch forces at lower links of a 
Deutz-Fahr 6185 RCshift (133 kW ECE R 120) 
measured by DLG TestService GmbH, GroB 
Umstadt, Germany, on behalf of profi maga- 
zine, published in 2017. Data courtesy profi 


Practical hitch forces are mainly impor- 
tant for heavy mounted implements. 


Combinations of PTO-driven tillage im- 
plements with seeding machines represent 
the highest weights to be handled. Weights 
of mounted plows are usually much lower. 


Measured performance curves are repro- 
duced in Fig. 7.23 and 7.24 and compared 
with demands of examples of the two men- 
tioned implement groups. 


The left diagram is from measurements 
of a four-cylinder standard tractor while 
the right one is from a standard tractor with 
a six-cylinder engine with a larger wheel 
base which can balance larger lift forces. 


Output of one lift W was modelled by 
Pfab versus rated engine power P [7.14]: 


W |kNm]=0.48-P [kW]-8.2 (7.2) 


This equation can still be used as a 
guideline, Fig. 7.25, if heavy mounted im- 
plements are used (power acc. EG 97/68, 
pressure at 90% relief valve setting). 
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Control systems of the rear three-point 
hitch can be classified into four basic types: 


1. Mechanical two-point valve control, 
constant displacement pump 

2. Mechanical throttling valve control, 
constant displacement pump 

3. Mechanical proportional valve control, 
variable displacement piston pump 

4. Electro-hydraulic proportional valve con- 
trol, variable displacement piston pump 


Initial costs increase from | to 4. Types 1 
and 2 are typical for low technology lev- 
els; 4 represents high levels IV and V. 

Even simple low-cost control structures 
of class 1 or 2 require excellent expertise in 
design and production of hydraulics; see 
also the large number of patents. 


Fig. 7.26 shows a type 1 control of the 
aforementioned Deutz hitch [7.22]. Pump 
flow is almost unloaded in the neutral 
position (valve 2 open). The check valve 
prevents leakage under load to keep an 
implement in an upper position for a 
longer time, a feature typical of all sys- 
tems. When valve 1 of Fig. 7.26 is in its 
position “higher’, pressure in the control 
line closes valve 2 and the pump working 
flow raises the hitch. When valve 1 is in 
the position “lower”, return flow passes 
this valve directly via the flow control 
valve. There exist many patents describing 
circuits like Fig. 7.26, see survey in [7.14] 
(status of 1994, but still of interest). 


Valve 2 shifts in a bistable way, reducing 
the loading time of the pump, hence works 
discontinuously. 


Research by Hesse at FAL Braunschweig 
on electro-hydraulic hitch controls [7.26 
7.27] paved the way for their commercial 
introduction, Fig. 7.27. In 1978, Bosch de- 
livered the ever first EHR system for a MF 
AWD tractor in the USA. The force sensor 
initially worked indirectly with inductive 
travel sensors; later on with magnetostric- 
tion. [7.28 7.29]. Main benefits are listed 
in Table 7.14, see also [7.30]. 
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Fig. 7.26: Hydromechanical control of a Deutz 
rear hitch, presented in 1968 by Koenig [7.22] 


Electronic position sensor 
a 


Pressure 


(pump) 
Return pipe Electronic force sensor 


Fig. 7.27: Electro-hydraulic rear hitch control 
with electronic force and position sensors 


Table 7.14: Benefits of electro-hydraulic three- 
point hitch control systems 


- No complicated signal linkage 

- Improved control dynamics through 
higher system stiffness, important 
for draft control 

- Improved control quality by digital 
data processing and hence more 
flexibility in control strategies 

- Improved flexibility in mixing signals 

- Improved component flexibility 

- No manual adjustments necessary 

- Potential for driver information 


- Potential for integration with tractor 
drive line and tractor-implement 
management systems (ISOBUS) 

- Potential for diagnostics 
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Load-sensing system 
with variable displace- 
ment pump 


Hitch cylinder 


Fig. 7.28: Bosch electro-hydraulic hitch control 
for load-sensing circuits [7.29] 
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Fig. 7.29: Inductive position sensor 


Very good steel al} Force directions 


Primary coil 


Fig. 7.30: Bosch force sensor. Drawing by the 
author based on material from Bosch 


Table 7.15: Recommendations for high-quality 
hitch controls of premium tractors 


- High stiffness of all loaded elements 
including oil volume 

- Proportional valves with internal position 
control instead of shifting valves 

- Valves with adequate dynamics 

- Main valve with optimized dead zone 


- Optimized amplification factor of the 
control unit, mainly for draft control 

- Digital data processing, ISOBUS con- 
nection and access for diagnostics 

- Draft controller able to shift PD < Pl 


- Low energy consumption, low friction 
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Electro-hydraulic control systems have 
been simplified and improved by the use 
of proportional valves, Fig. 7.28 [7.29]. 


The load-sensing principle provides ad- 
ditional benefits as the pump always ge- 
nerates only the flow governed by the open 
section of valve 1 and independently of 
hitch load and pump drive speed. This 
improves control quality and saves energy 
[7.31]. Function details of load-sensing 
will be explained later on. 


When an electric signal from the hitch 
control unit arrives at valve 1, it opens the 
flow to the cylinder according to the 
amount of the signal while valve 2 assists 
by keeping the pressure drop of 1 constant 
(details will be explained later on). 


For lowering the hitch, valve 3 opens the 
return flow. Load influence on the hitch 
downward speed is corrected by overriding 
with the position control system. 


Modern electro-hydraulic proportional 
valves work with internal feedback of the 
valve spool position, Fig. 7.29. Both coils 
of the sensor are supplied by high fre- 
quency AC (for example 5 kHz). A move 
of the ferromagnetic rod (black) to the 
right decreases the inductive resistance in 
coil | but increases it in coil 2. Both coils 
are part of a half bridge circuit. 


Fig. 7.30 shows the principle of the pre- 
sent Bosch force sensor. The primary coil 
is supplied by high frequency AC, creating 
a magnetic field. Its transfer to the second- 
ary coils is influenced by the shear stress 
of the steel pipe. This enables a propor- 
tional output signal with low hysteresis. 


Table 7.15 offers recommendations for 
the design of updated hitch control systems. 


The conflict between high sensitivity and 
dynamic stability requires proper design 
and control parameters, particularly for 
draft controls. Modern simulation tools 
and hardware-in-the-loop tests (chapter 8) 
can help to find acceptable results. 
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7.6 Front three-point 
hitch and front PTO 


Front implements are very pop- 
ular in some regions for tractors 
of technology levels III-V, in par- 
ticular in Europe, Fig. 7.31, 7.32. 


The front PTO and its speed 
shall conform to type 1, 2, 3, or 4 
of the rear PTO (ISO 500). 


Special requirements are listed 
in ISO 8759. The direction of 
PTO rotation shall be anticlock- 
wise, viewed from ahead of the 
tractor to the front part of the 
tractor. This simplifies the trans- 
mission between engine and PTO 
as it allows transmitting power 
with only one pair of gear wheels 
(engines run clockwise when 
viewed from the front). However, 
this means that rear implements 
cannot be directly attached to a 
front hitch. Some companies of- 
fer both directions on request. 
The direction of rotation and ro- 
tational speed shall be marked. 
Safety requirements and clea- 
rance zones around the front PTO 
should be designed similarly to 
those of the rear PTO. 


The front PTO and front hitch 
are standardized in ISO 8759, 1-4. 
These standards are currently still 
under development. All four PTO 
types 1-4 are addressed, general 
specifications and locations listed 
in ISO 8759-3. 


The most popular nominal ro- 
tational speed of front PTO is at 
present 1000rpm, for small trac- 
tors alternatively also 540rpm. 


Front hitch forces should be 
about half of the rear hitch forces, 
mostly as an option, also with po- 
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Fig. 7.31: Typical front interface of a modern tractor of- 
fering front PTO and front hitch with the male part of the 
“Weiste triangle”. Hydraulic and electric couplings are not 
visible: The lower links are usually rigidly connected 
together to offer high lateral stability for adequate imple- 
ment guidance (by pushing). Courtesy CLAAS 


Fig. 7.32: Typical connection of a front implement using 
front hitch and front PTO, popular in Europe for forage 
cutting and light tillage implements. The “Weiste triangle” 
enables connection without leaving the cab but the PTO 
is still coupled manually. Courtesy AGCO-Fendt 


sition control in some cases. The three-point hitch 
coupling of Fig. 7.31 and 7.32 was initially a develop- 
ment of the German company Weiste. It became very 
popular and was standardized in ISO 11001-2 [7.32]. 
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7./ Fundamentals of fluid power 
systems for tractors 


7.7.1 Introduction 


In his patents, Harry Ferguson detailed 
three options for his system: to realize it 
mechanically, electrically, or hydraulically. 


Various designs did compete, even those 
with pneumatics (for the UNIMOG). But 
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hydraulics were clearly able to win this 
race, due to their advantages, Table 7.16. 
Nevertheless, power transfer to implements 
gets competition from electrics, mainly for 
reducing energy losses of the power trans- 
formation. However, electrics will proba- 
bly remain more expensive. 

Developments in the automobile sector 
are going to reduce the costs also favouring 
combinations of electrics with hydraulics. 


Table 7.16: Application of hydraulics to agricultural tractors, its advantages and disadvantages 


Advantages of hydraulics 
- Large variety of components avail- 
able, high flexibility of package 


- Most economic solution for linear 
actuators, mainly for high forces 


- High dynamics because of very 
high power density 


- Easy power transformation from 
rotation to translation 


- Easy to build up closed loop con- 
trols with continuous action, hence 
good ability for automation 

- Easy and cheap overload protec- 
tion by pressure relief valves 


- Oil transports heat and lubricates 


Table 7.17: Typical maximum rated pressures 
of tractor hydraulics 


- Circuits for control, charging, 
filtering, and lubrication 


- Control variable Ap of analog 
load-sensing systems 20-30 bar 


- Power steering, power brakes ... 100-205 bar 
- Tractor hitch 205 bar 
- Hydraulic pressure for tractor 


10-20 bar 


implements (ISO 10448) 


- Heavy duty swash plate 
pumps (power split CVTs) 


205 bar 


420 bar 
- Heavy duty bent axis units 

(power split CVTs) 

10 bar = 1 MPa = 10®Pa = 10° N/m2 

1 psi = 0.0689476 bar ~ 0.069 bar 
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Disadvantages of hydraulics 


- Efficiencies lower than those of 
mechanical systems; in many 
cases also lower than those of 
electric systems 

- Leakage results in a small reduc- 
tion of output speed, requires con- 
trol for perfect synchronisations 

- Operational behavior is influenced 
by viscosity, hence by temperature 

- Potential leakage needs very 
proper system design 


- Often cooler needed 


- Filters are necessary, their replace- 
ment requires maintenance 


- Pumps and motors generate noise 


There are several pressure levels within 
tractor hydraulics, Table 7.17, with a maxi- 
mum pressure for implements of “only” 
205 bar. This value is fixed by ISO 10448 
[7.16] to make sure that all implements 
worldwide are operated safely if connected 
via couplings with tractor hydraulics. 


CVTs use about double that value, but 
their high pressure circuits are not directly 
combined with the circuit of the 205 bar 
consumers. Modern gear pumps and me- 
dium pressure swash plate pumps could 
offer slightly more than 205 bar but this is 
not used because of the mentioned reasons. 


Hydraulic circuits can be explained well 
with standardized symbols, Table 7.18. 
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Table 7.18: Symbols for hydraulic elements as standardized in ISO 1219-1:2012 [7.33] (extract) 


Pumps and motors Directional control valves 


Hydraulic pump with fixed dis- 
placement and one flow direc- 
tion; for example, a gear pump 


Hydraulic pump with variable dis- 
placement and two flow directions; 
for example, a swash plate pump 


Hydraulic motor with fixed dis- 
placement and one flow direction; 
for example, a gear motor 


Compact HST: Variable pump and 
variable motor with two output di- 


Directional valve 3/2: Three ports 
and two distinct positions, mus- 
cular control 


Directional valve 4/3: Four ports 
and three distinct positions, elec- 
tric actuation against spring 


Directional valve 4/3 with 
intermediate positions and 
electro-hydraulic actuation, 
typical proportional valve 


Pressure relief valve, limits pres- 
sure aft input port by spring force, 


rections of rotation and variable opens when input pressure force 


output speed, e.g. for CVTs 


exceeds adjusted spring force. 


Internal control 


Hydraulic cylinder 


= Single acting cylinder; for examp- 
le, for lifting the rear hitch 
Double acting cylinder; for examp- 
le, for front end loader tools 
Connections and system border lines 


| ——— | Pipe for energy transfer 


ee 
System borderline for integrated 
components within a system 
Circuit accessories 


Flow control valves 


Check valves 


Quick-action couplings 


Cooler, heater 


Accumulator, storing/delivering hy- 
drostatic energy by loading / un- 
loading a separated gas volume 


Adjustable restriction valves, left 
turbulent, right laminar (capillary) 


Flow control valve: output flow 
constant and independent of 
pressure level, needs relief valve 


Flow control valve: output flow 
constant and independent of 
pressure. Bypass flow can be 
used for additional consumers 


Flow divider valve: Two output 
flows in a fixed ratio, indepen- 
dent of pressures 


Left: Non return or check valve 


Right: Valve can be opened by 
control pressure, often applied to 
open a return flow of a cylinder 


Shuttle valve (OR function) in which 
the (left or right) inlet with the 
higher pressure is automatically 
connected to the (vertical) outlet 


toot Quick-action coupling with two non- 
return valves, coupled 
+o HO+ Quick-action coupling, uncoupled 


a) 
= 
ra 
() 
o 
© 
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Tractor working hydraulics are usually re- 
alized in three typical circuits, Table 7.19. 

Closed-center systems have closed direc- 
tional valves in their neutral position. The 
most important example of a constant 
pressure system was that of John Deere, 
presented in 1960 [7.34] and produced for 
more than three decades. In 1973, Allis- 
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Chalmers introduced the first load sensing 
system for tractors [7.35] recognizing al- 
ready its benefits as listed in Table 7.19. 
Open-center systems are typical for tractors 
of the lower technology levels I-III and 
lower power levels while the more expen- 
sive closed-center systems are applied for 
premium tractors above about 75 kW. 


Table 7.19: Basic circuit principles for tractor hydraulics and their typical properties. Comparison 
of typical losses was already well explained in 1973 by Allis-Chalmers engineers [7.35] 


Open-center systems 
Constant displacement pumpis), 
usually gear pumpls) 


200 


Closed-center systems with variable displacement pumps 
Constant pressure system 


Load-sensing system 


Consumer 
bar demand 
wv 120 / 
A Y 
3 ie useful Useful Useful 
i 
power ower ower 
Yyy P p 
0 50 l/min 100 860 50 l/min 100 0 50 l/min 100 
Oil flow Oil flow Oil flow 
wv _-~_oiimple - More than one consumer operated independently 
ch — Low cost - Disturbing factors “engine rpm” and “load pressure” 
<  — Many pump suppliers are compensated within maximum pump flow capacity , 
=) : ‘ 5 
5) - Easy to maintain - Quick response dynamics - Low throttling losses 
- Easy to repair - Possibility of energy - Low heat generation © 
storage and recuperation 

uv _— High losses 
ch - Only one consumer - High throttling losses, if - The popular analog sys- 
= per pump independent consumer load pressure tems have poor dynamics 
§ (two with flow divider) < system pressure - Throttling losses, if simul- 
& ~ — No infinitely variable - System permanently un- taneously supplied consu- 
Oo closed loop controls der pressure (leakage) mers vary in load pressure 
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7./.2 Basic circuits 
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Pressure relief valve Hydraulic motor, 
Two directions 


Manual 


Constant 
displace- 
ment 
pump 
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/ 
4/3 Directional valve 


Oil tank 


Fig. 7.33: Example of a simple open-center system. At left, drawing of a hydraulic transmission 
for two output directions. The central (neutral) valve position blocks the motor at zero speed and 
unburdens the pump via the U-turn. At right, the circuit with ISO 1219 symbols (Table 7.18) 


The open-center system of Fig. 7.33 
shows a simple circuit schematically (left) 
and with ISO 1219 symbols (right). 


Open-center systems were the first gene- 
ration of applying hydraulics to tractor hit- 
ches, Fig. 7.34. Lifting is done by oil input 
under pressure to the cylinder, lowering 
occurs by the cylinder load along with an 
unloaded pump flow (U-turn). 


With the introduction of power steering, 
a constant flow of about 8-12 l/min was 
needed, often realized by a flow control 
valve with the remaining bypass flow to 
the tank or preferably to the working hy- 
draulics as shown in Fig. 7.35 [7.36]. 


The first pump A supplies the working 
hydraulics (hitch, front end loader, and 
remote consumers) while the second pump 
B delivers the flow for the power steering. 
The pump is oversized delivering 10 1/min 
nominal flow even at engine idling. 


Hence, there is a high flow surplus from 
pump B at higher (usual) engine speeds. 
This is now used for the working hydrau- 
lics. If the 3/2 valve is shifted to the left 
position, max. 601/min are available, which 
is, for example, a welcomed level for high 
lifting speeds of a front end loader. 


Open-center circuits have still potential, 
mainly regarding energy consumption, for 
example presented by an experimental di- 
gital multi-pressure circuit in [7.37]. 


Pressure relief valve Hydraulic cylinder, 
retracted by load 


Constant 
displace- 
ment 
pump 
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i X.. 
Oil tank 4/3 Directional valve 


Fig. 7.34: Basic open-center circuit for hitches, 
also called “nudging type control” 


‘ 3/2 valve 11 _|\ 
Nominal 
30 |/min 
175 bar 


Consumer || 


Consumer Ill 


Use of bypass flow 


40 (/min 
175 bar 


Fig. 7.35: Use of bypass flow of power steering 
supply for the circuit of working hydraulics, intro- 
duced by Fenat in 1980 [7.36] 
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Fig. 7.36: Constant pressure circuit as introdu- 
ced by John Deere in 1960 for the new tractors 
3010 (60 PTOhp) and 4010 (84 PTO hp) [7.34]. 
Status 1979. After Garbers and Harms [7.36] 


~_ Constant pressure 


Speed sensor 
Loading 
torque 
— 


Fig. 7.37: Principle of driving a hydraulic motor 
at a constant pressure circuit without throttling 
losses, Known as “secondary control” [7.38] 


Auxiliary 


Control 


unit | 
i 4 | ~Actual speed E 
oe <["" 4 Speed target s 
Fig. 7.38: Principle of driving a hydraulic cylin- 


der at a constant pressure net without throttling 
losses [7.38] 


7 Tractor and implement 


A closed-center constant pressure hy- 
draulic circuit with variable radial piston 
pump was introduced by John Deere in 
1960 for the new tractors 3010 and 4010 
[7.34], Fig. 7.36. This system was pro- 
duced in high volumes for more than 30 
years. The output of pump A (partly char- 
ged by pump B) is controlled by its work- 
ing pressure, automatically delivering the 
demanded flow. The priority valve safe- 
guards the functions of power steering and 
power brake. All consumers can be ope- 
rated independently within the limits of the 
maximum pump displacement. 


Constant pressure systems became popu- 
lar for a certain time. Ford presented, for 
example, a system with a constant dis- 
placement pump, charging an accumulator 
via a pressure-controlled on-off valve. 


The main disadvantage is the energy loss- 
es of the flow control valves. They can be 
prevented by consumers with adjustable 
displacement which is, however, not ap- 
plied at present to tractors. The principle is 
based on the balance between loading 
torque TJ, pressure difference Ap, and 
displacement of the hydraulic motor V (see 
also CVTs in chapter 5). If we neglect 
mechanical losses, the balance 1s: 


= OA (7.3) 
Formulated with practical units: 


|- Ap |bar|-V [cm3] 
7 20 


In reality, mechanical efficiency must be 
introduced; guideline (full load): 90-94%. 


Fig. 7.37 shows an application as used in 
aircraft hydraulics [7.38]. The balance is 
realized by regulating the output speed of 
the hydraulic motor by its displacement V. 
Operating a cylinder is also possible but 
more complicated, Fig. 7.38. Hydraulic 
transformers have been proposed for con- 
stant pressure circuits [7.39], but such cir- 
cuits are not used at present for tractors. 


T [Nm (7.4) 
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Load-sensing systems with a constant 
displacement pump can have advantages 
over systems with flow controllers. If we 
compare Fig. 7.39 [7.40] with Fig. 7.35, 
the flow to the consumer (often power 
steering) 1s now not constant, which is the 
main functional difference. 


The first valve keeps the pressure Ap at 
the directional valve constant, which re- 
sults in a flow being proportional to its 
opening section. This can be explained by 
the mathematical model of a turbulent flow 
Q through a sharp-edge orifice: 


The orifice flow coefficient @ is nearly 
constant (often ~ 0.7 for turbulent flow). 
The density ¢ and the pressure drop Ap are 
also constant, which means that the flow 
rate Q is only a function of the valve open- 
ing section A. This offers not only propor- 
tional flow characteristics of the direction- 
nal valve but also potential larger by-pass 
flows than with the system of Fig. 7.35. 


(7.5) 


ee 


r—— 


Fig. 7.39: Load-sensing cir- 
cuit with a constant displace- 
ment pump, often applied for 
tractor power steering [7.40] 


mE 
<< 
E 
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Load-sensing systems with a variable 
displacement pump (Table 7.19) realize 
the control of Ap directly by the pump, 
Fig. 7.40. The pressures beyond valves 1 
and 2 are directed to the shuttle valve 3; 
the higher pressure is then directed to the 
Ap valve of the pump which keeps Ap con- 
stant. This is possible with low throttling 
losses. If there are further consumers with 
lower load pressures (e. g. load II in Fig. 
7.40), their Ap is not controlled by the 
pump but by the pressure compensator (5). 


As each directional valve has such a 
pressure compensator, all the consumers 
can be activated independently within the 
limits of the variable displacement pump. 
The pressure compensators 4 and 5 are 
usually located upstream of the directional 
valve but a down-stream position beyond 
the directional valve is also possible. 


In both systems, the two following impor- 
tant factors cannot disturb the control: 


- Engine rpm 
- Load pressure(s) 


Load Il 


Load | 
| | E= 


timed Pressure seiilahs 


Fig. 7.40: Load-sen- 
sing circuit with a va- 
riable displacement 
pump and two con- 
sumers. Active pres- 
sure limiting by the 
pump. After Harms 
ee [7.41] et al. 


© Harms et al. 


242 


7.7.3 Complete tractor circuits 


Open-center circuits (Fig. 7.34 and 7.35) 
are still of interest for the lower techno- 
logy levels. From 1960 to 1992, constant 
pressure hydraulics were the standard cir- 
cuit principle of large John Deere tractors, 
but they are not applied to tractors at 
present (2019). 


Hydraulics of upper technology levels use 
load-sensing systems like those of Fig. 7.40. 


Their first application in the tractor sec- 
tor was presented by Allis-Chalmers in 
1973 in the models 7039 and 7050. The 
publication [7.35] contains a circuit dia- 
gram and detailed data on this develop- 
ment; however, had no followers for a cer- 
tain time. 


In 1987, CASE IH presented its Magnum 
7100 series, first in the US [7.42] with 
97/112/125/145 kW PTO power and 1989 
in Europe. The hydraulic circuit is still ty- 
pical today in several aspects, Fig. 7.41. 
The variable displacement pump (1) de- 
livers up to 110 I/min. The circuit is de- 
scribed in [7.38, 7.43,] based on [7.42]. 


A tandem gear pump (2) charges the main 
pump (1) for smooth filling at high rpms, 
and for cooling and filtering. The working 
circuit (max. 180 bar) also serves the pow- 
er steering (8) via the priority valve (3). 
Valve (4) keeps the difference between 
load pressure and pump pressure constant 
at 25 bar. Hence the flow rates through the 
directional valves 5 to 8 are independent of 
both the load pressures of the consumers 
and the pump speed and are at the same 
time proportional to the open area of the 
valves (equation 7.7). Hence, the flow is 
always largely proportional to the spool 
displacement, ideal for many practical ope- 
rations. The valves (5) and (6) serve re- 
mote control functions on implements. 

The maximum pressure of 180 bar is li- 


mited by both, the valve (10) and the pump 
displacement. 
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Limiting pressure by the pump displace- 
ment prevents losses and heat generation. 
If more than one consumer is supplied via 
the valves (5) to (8), only the highest load 
pressure is directed to the pump valve (4) 
due to the function of the check valves (9), 
see also Fig. 7.40. Pressure difference at 
their directional valves is now not con- 
trolled by the pump but by compensator 
valves (11) and/or (12). 


A continuous flow can be adjusted by 
the valves (13). The relief valve (14) safe- 
guards the maximum LS pressure; the 
valves (15) serve for automatic unblocking 
of valve (5) or (6). 

The German Agricultural Yearbook Vol. 
5/6/7/8 (1992/93/95/96), edited by Matthies 
and Meier (bilingual German-English), con- 
tains further LS circuits of large tractors of 
Ford, Fendt, John Deere, and Massey 
Ferguson. John Deere replaced its constant 
pressure system in 1992. (The numbering 
of the yearbook was modified in 1995, 
therefore no issue is dated “1994’’). 


Research results on tractor hydraulics 
were presented in Germany under Matthies, 
Harms, Frerichs [7.36, 7.40, 7.41, 7.43- 
7.48], Murrenhof [7.49, 7.50], Geimer, and 
others. 


Research supported developments of pi- 
loted valves with digital electro-hydraulic 
actuation, ready to be connected with 
ISOBUS systems. Further innovation po- 
tential is seen in: 

- Reduced energy losses by reduced or 
eliminated control pressure Ap 

- Reduced energy losses by circuits with 
more than one working pressure level. 

- Improved control dynamics 

- Improved digital control strategies 

- Digital hydraulics 

- Independent metering valve groups 

- Energy regeneration 

- Hydrostatic power transformer 


Reliable economic electronics are needed 
to realize innovations in these directions. 
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Fig. 7.41: Load-sensing tractor hydraulics of the CASE IH “Magnum” 7100 series, introduced in 
USA in 1987 and in Western Europe in 1989 (Production from 1988). This circuit initiated a 
general worldwide breakthrough of load-sensing systems with variable displacement pumps, 
usually swash plate design (principle see Fig. 7.40). This diagram is based on [7.42] and [7.43] 


Tractor | Impl. 


Energy losses of remote circuits can be 
reduced by “power beyond”, Fig. 7.42,  —- _.-, Load pressure 
standardized in ISO 17567 [7.38, 7.51]. | 

Implements are usually supplied with | 
hydraulic tractor power via quick-ac- | 
tion couplers and controlled by the trac- | 

| 
| 
| 
| 
| 
| 


tor directional valves. It can make sense 


‘ | 
to have the valve on the implement. aaa = | 


. Working pressure 
In such a case, oil flow from the pump 


should not pass twice through a direc- 7 os etes SVL 
tional valve to prevent unessential los- Return 


ses, leading to the following principle: 
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A direct line to the implement bypass- = = = ————— 


es the tractor directional valve, whichis Fig, 7,42: “Power beyond” principle: a direct line 
now placed on the implement together to the implement bypasses the tractor directional 
with the pressure compensator. valve, now located on the implement [7.38, 7.51] 
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7.7.4 Pumps, remote control valves, 
and circuit efficiencies 


There are four basic types of pumps used 
for tractor hydraulics, Table 7.20. Single 
pumps (low displacement) are adequate for 
small tractors of technology level I without 
power steering. Tractors of technology lev- 
el If can have power steering, using one 
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or two gear pumps (Fig. 3.47 and 3.48), 
also in a tandem configuration (Table 7.20), 
which reduces initial costs. 

Technology level III is typical for both, 
low-cost tractors with gear pumps and 
powerful tractors with variable displacement 
pumps and LS circuits. 


LS systems are standard in levels IV and V. 


Table 7.20: Typical pump types for tractor hydraulics and their data as offered by Bosch Rexroth 


Maximum 
Pump type pressure 

(tractors ) 
Single external 
gear pump 


As above, but 
in “tandem” 
configurations 


Low-noise exter- 
nal gear pump 


Variable displace- 
ment swash plate 


pump 


At least max. 250 bar, but limi- 
ted for implements to 205 bar 
(20.5 Mpa, ISO 10448E:2018) 


*) The minimum pressure at input, as defined by the manufacturer, has to be observed 


Z 


Limiting AL 
leakage: ZG 
™~ Gemee 
_IIWNO 


Radial pressure-loaded 
areas control radial clearances 


Typical displace- 
ments for tractor 
applications, cm3 


8 11 


Typical examples for 
tractors: 11-8; 14-11; 
16-14; 19-14; 22-14 


Size 12: 3550 | Bosch-Rexroth 
12 14 16 19 22 | Others: 3000 | F “Silence Plus” 


28 45 63 85 


SO 


gor Genre 


Maximum 


Data source 
speed, rpm *) 


14 16 


19 22 Size 8: 4000 | Bosch-Rexroth 


Size 11: 3500 
Others: 3000 | ~emes F 


Size 28: 3200 | Bosch-Rexroth 
Size 45: 2900 | aiovnNosx 


63 & 85: 2700 
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Axial pressure-loaded areas control axial clearances 


Fig. 7.43: Gear pump with clearance controls through 
pressure loaded seal faces. Courtesy Bosch 


Modern gear pumps can develop high efficien- 
cies only if their leakage is kept low by axial and 
radial pressure loaded seal faces, as shown by 
arrows in the design of Fig. 7.43. 


Fig. 7.44: Gear pump “Silence Plus”. 
Courtesy Bosch Rexroth 


The pump of Fig. 7.44 has a 
very low noise level, achieved by 


helical gears with special tooth 
profiles and low tolerances. 
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pump, 
to tank 


T Return P Pressure 


Fig. 7.45: Typical block of manually operated 
remote control valves for hydraulic open- 
center circuits. The number of valves is fle- 
xible due to uniform interfaces. Only one con- 
sumer can always be supplied by A and B. 
Courtesy Bosch 


Open-center circuits for lower technology 
levels with constant displacement pumps 
(Fig. 7.33-7.35) normally use simple man- 
nual remote control valves, Fig. 7.45. 


Floating positions are possible by a u- 
turn shortcut of output A-B (mid position) 
or by a valve with four positions, one with 
A-B output shortcut. 


Variable swash plate axial A) 
piston pumps are popular // A 
for load-sensing systems, V7) 
Fig. 7.46. This type from Va > i 4 
Bosch Rexroth is applied Za RG i 
in very high production F Ai as asa 
volumes. The moderate VSS QY Ke ies 
nominal working pressure ae pa NR IPS 


IP 
: i 


enables large piston diam- 
eters. 


Wal ea 
f 


=p 


Fig. 7.46: Variable displacement 
axial piston swash plate pump, se- 
ries A10 VNO for tractor hydrau- 
lics. Sizes 28/45/63/85 (2019) indi- 
cating displacement in ccm/rev. 

Drawing: Size 45, 7 pistons, max. 
18.4°. Courtesy Bosch Rexroth 
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Input signal 
(ISOBUS) 


Position sensor 


Coil spring, centers the spool 
in the neutral position 


Load pressure, Is directed to the LS 
shuttle valve (not visible) by bore LS 


Ap control valve 
(pressure compensator] 
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Pilot valve, operated by magnef, controls position of main spool 


Check valves, lifted by pressure (output flow) 
or mechanically by pin on spool chamfer (return) 


High-pressure 
metering edges 


Manual operation 
(emergency case) 


Pump pressure 


Fig. 7.47: Electro-hydraulic proportional valve Bosch Rexroth SB23LS-EHS for load-sensing 

circuits. Nominal flow 80 I/min, max. 140 l/min. Two poppet check valves with almost zero 

leakage (for mounted implements including front end loader), more in detail in Fig. 7.49. 
Drawing: author, based on [7.46] and material from Bosch Rexroth 


Typical remote control valves for pre- 
mium tractors with load-sensing and vari- 
able displacement pumps (Fig. 7.46) work 
with three inputs P, R, and LS. The valve 
of Fig. 7.47, plotted in a simplified cross 
section, was the first generation of electro- 
hydraulic remote control valves from Bosch 
Rexroth; however, produced in large vol- 


1 ee ee 
| | | | Return AM | 
| | = ane = = 
|} | ee LX dO 
_ asa 
ln 
it Lu 

L= Bi 


R LS P 421-24 bar, generated by end plate 


Fig. 7.48: Circuit diagram of the inner elements 
of the Bosch Rexroth valve of Fig. 7.47 [7.46] 


umes. Its functions are represented by ISO 
1219 symbols in Fig. 7.48 and its technical 
specifications listed in Table 7.21. This 
size 1s typical for the lower end of nominal 
variable pump flows of about 1001/min. 


The simplified cross section of Fig. 7.47 
shows an actuation of the main spool by a 
pilot pressure system, which offers better 
dynamics than a large magnet along with 
smaller dimensions. The load pressure sig- 
nal is picked up as indicated by “LS”. 


Table 7.21: Specifications of the Bosch Rexroth 
valve of Fig. 7.47 [7.46] 


Valve type: SB23-LS EHS 
Nominal flow ................... 80 I/min 
Maximum flow .............66 140 |/min 
Nominal pressure ............ 250 bar 

Main spool diameter ........ 18mm 

Main spool hub ................ +/- 7mm 

Axial spool force .............. max. +/- 200N 
Pilot pressure ................+. 21-24 bar 
Maximum pilot flow .......... about 0.7 I/min 
Spool dia. Ap-valve .......... 18mm 
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In Fig. 7.47 and 7.48, the hydraulic pilot 
valve typically gets its input signal from a 
digital ISOBUS line via adequate elec- 
tronics being able to “read” the digital bus 
signal and to convert it to an electric flux 
activating the magnet. Output of this pilot 
system is a pressure difference directed to 
the piston actuator of the main spool. The 
position sensor gives its feedback to the 
electronics within a closed loop control. 


A full stroke of the main spool needs 
only 70 ms, which is sufficient as the ana- 
log pump control needs more time. 


When the pilot valve pressure moves the 
main spool to the left, a flow from high 
pressure input P passes the Ap control valve 
arriving at the main metering edge. 


As this is opened, the flow proceeds to 
the ball-type check valve and further to the 
check valve of output A, which is automa- 
tically opened by the working pressure. 


At the same time, the left check valve at 
port B is lifted hydro-mechanically, which 
is easier to understand from Fig. 7.49. The 
lower pin end is actuated by the spool 
ramp and thus opens in the first phase the 
small ball-type check valve. This reduces 
the pressure difference and hence the neces- 
sary lifting force to allow the second phase 
of a complete opening by the pin shoulder. 


Input Guide elements 
signal 


(ISOBUS) 


Electronics 


Fig. 7.49: Check valve of the 

design in Fig. 7.47 

Return flow is opened in two 

phases: 

| Pushing the ball for lower- 
ing the pressure difference 

Il Pushing the poppet for 
complete opening 


Valve variants and improvements [7.29]: 
- Versions with only one check valve. 


- Replacement of the mechanical actuation 
of the check valve pins by small hydrau- 
lic actuating cylinders. 


Integration of a Ap return flow control 
in the check valve to make the flow in- 
dependent of the return flow pressure. 


- Removing the right end of the spool, 
renouncing the possibility of manual 
operation (trusting in system reliability), 
saving space and initial costs. 


Spool actuation by electric stepper motor 
is an alternative principle, Fig. 7.50, which 
has some advantages such as 


- No need for a pilot pressure 

- No need for a position sensor as position 
is derived from electric motor control 

- Low energy consumption 

- Less sensitive to oil contamination 


A B 


Flat plate 


Housing of 

spool center- 

ing spring 
Reduction gears : 
Electric stepper motor © 


Fig. 7.50: Basic structure of a proportional spool valve actuator consisting of an electric stepper 
motor and high-ratio speed reduction gears. Similar design is applied, for example, by John Deere 


Output flow 


0 40 80 120. bar 200 


Working pressure 
Fig. 7.51: Efficiencies 77 of a gear pump [7.52] 


0 
0 20 40 60 80 100 120 140 bar 180 
Load pressure 


Fig. 7.52: Total efficiency of a complete hydrau- 


lic tractor - implement power transfer [7.46] 
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Circuit pressure losses 
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Efficiencies of driving implements by 
hydraulics or electrics. Hydrostatic power 
transfer is very popular, in particular for 
premium tractors. Typical nominal output 
flows are 90-120 I/min for LS systems 
with variable pumps, but can even be much 
higher for large tractors. The popularity is 
probably a result of the very high flexi- 
bility along with moderate initial costs. 


Modern gear pumps (as shown in Fig. 
7.43 and 7.44) can offer high efficiencies 
in spite of their simple and cheap design, 
Fig. 7.51 [7.52]. Modern electric genera- 
tors have even better values but their costs 
are higher and their outside attachment to 
diesel engines or PTO powertrains rather 
more complex; however, not impossible. 


Swash plate pumps as shown in Fig. 7.46 
have similar efficiencies; the same for most 
other types of hydraulic motors. Low-cost / 
high-torque motors such as the “Orbitrol” 
from Danfoss have lower efficiencies but 
save space and additional gear reductions. 


Practical losses of a typical hydraulic cir- 
cuit when driving a hydraulic motor on an 
implement (for example a blower on a 
pneumatic seeding machine) by load-sen- 
sing tractor hydraulics were published by 
Fedde [7.46], Fig. 7.52. The power trans- 
fer is done by a variable axial piston trac- 
tor pump, which is fed by a charge pump 
and controlled by an LS valve. The pump 
flow is directed through pipes, valves, hoses, 
and quick couplers to a hydraulic motor on 
an implement, and the return flow is di- 
rected back to the tractor oil reservoir. 


The best total efficiency is only 50%, ex- 
plaining the need for intensive cooling. 
Pressure measurements indicated high loss- 
es only for fluid circulation, Fig. 7.53. 
Large return pipe diameters and circuits 
without charge pumps are recommended. 

An electric power transfer might be able 
to cut such total losses by about half. 


Fig. 7.53 (left): Measured circuit pressure los- 
ses for the results of Fig. 7.52 [7.49] 
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7.7.5 Connections, filters, and oils 


Precision steel tubes serve to transfer hy- 
draulic power and control signals. 


Maximum nominal pressure for tractor- 
implement power transfer is standardized 
in ISO 10448 [7.16] at 205 bar. This value 
dominates all hydraulic tractor circuits and 
hence also the maximum pump pressure, 
typically 210bar for the total on-board net. 


However, peak pressures above 210 bar 
are possible in pipes between a closed 
valve and a cylinder, for example, by mass 
forces of mounted implements such as 
heavy plows or front end loaders. Special 
“shock” pressure relief valves are common 
near the cylinder (opening, for example, at 
220-240 bar) to safeguard the structures 
and the hydraulic system. 


Steel tube dimensions should be based 
on two criteria: 
- Average fluid velocity (pressure losses) 
- Wall thickness (stability) 


Calculation of inner diameter d of a pipe 
with an average section velocity v and 
flow Q yields 
d [mm] = 4.607-9| 2 L/min} 

Vv [m/s] 

Example: The inner diameter d of a high- 
pressure tractor working pipe shall be cal- 
culated for a nominal flow of 100 1/min at 
210 bar nominal pressure. An average fluid 
velocity of max. 5.5 m/s is recommended 
in [7.38] for continuous operation. 


Equation 7.6 yields d = 19.64 mm lead- 
ing to an inner pipe diameter d = 20mm. 


(7.6) 


Addressing the necessary wall thickness 
of the pipe, ISO 10763:1994 [7.53] states 
the following formula for the static burst 
pressure py of a pipe: 


Py [bar] =10-Rin, min [N/mm]. (In =) (7.7) 


where 


Rm, min = Minimum tensile material strength, 
e. g. 360 N/mm? (ISO 10763) 
D, d = tube outside and inside diameters 


249 


Example: Diameter D=25mm, d=20mm, 
steel 1.0255 (St 37.4), Rm, min = 360 N/mm? 
(as recommended in ISO 10763): 


Pv = 803 bar. 


ISO 10763 recommends a nominal pres- 
sure of 1/4 of burst pressure to cover pres- 
sure peaks and safety, Table 7.22. 


But at the same time ISO 10763 allows 
modifying the factor 4, defining it as sub- 
ject to adjustment between the manufactur- 
er and user according to actual dynamics. 


In the example, a maximum pressure of 
the relief valve of 240 bar would be 30 % 
of the calculated burst pressure. This is 
slightly more than 1/4, but can be tolerated 
due to the pressure peak limitations by the 
mentioned shock valves. 


A standardized German calculation me- 
thod for dynamic pressures is offered by 
DIN 2413 using S-N curves. 


An endurance limit of 225N/mm/ is cited 
for steel 1.0255/St 37.4 for pulsating pres- 
sure (from lower value near zero to upper 
value, etc.). The related S-N curve allows 
cumulative damage fatigue estimations. 


Table 7.22: Burst pressures and nominal pres- 
sures for tubes of steel 1.0255 (St 37.4) based 
on equ. (7.7), ISO 10763. Required minimum 
tensile strength: 360 N/mm* (ISO 10763) [7.54] 


Tube wall thickness, mm 


803 | 1284 | 1831— Burst pressure 
201 321 | 460 — Nominal pressure 
656 1036 | 1460} 1940 

| 164 | 259 | 365) 485 | 

515 | 803 | 1117) 1460} 1839 

129 201 | 271) 365 | 460 

424 | 656 1172 | 1460 

293 | 365 


106 | 164 
1036 | 1284 


585 
146 259 | 321 


300 | 460 


803 | 988 | 1388 


75 | 115 | 201 | 247| 347 
656 | 803 | 1116 
201 | 259 | 321 


555 | 677 | 934 
1389 | 169 | 234 


Tube outside diameter, mm 
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Flexible high-pressure hoses enable re- 
mote control of and power transfer to im- 
plements. The pressure forces are mainly 
carried by a steel matrix. A burst can cause 
severe injuries. A general design rule is: 

Prevent any additional stress, which can, 


for example, be generated by low curvature 
radii (bending) or additional outside forces. 
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Fig. 7.54: Hose fitting by pressing with radial 
deformation. Flange ISO 6162 (SAE J518) 


——— SS 


sz 
oer POX in 


PEE SS 
Female part 


Male part 


Fig. 7.55: Design of a coupler unit [7.38] 


Fig. 7.56: Spill container Photo: Author 
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The inside diameter is the nominal value. 
Durability should be carefully tested un- 
der cyclic pressure loads and additional 
flexing, based on ISO 6802 [7.55]. 


The connection between tube and fitting 
can be a typical weak point; hence, modern 
mounting with a special pressing tool is re- 
commended, Fig. 7.54. 


Hoses increase the hydrostatic capacity 
of hydraulic circuits reducing its stiffness; 
however, improve damping of vibrations 
[7.38, 7.50], which is usually welcomed. 


Quick couplings connect the tractor hy- 
draulics with implement circuits [7.56]. 


ISO 5675 [7.57] states: 


The coupler shall comply with the oper- 
ating requirements of ISO 7241-1 series A 
and the requirements of ISO 5675. 


Fig. 7.55 shows both parts in the discon- 
nected mode. If they are connected, pop- 
pets 1 and 2 open one another. 


ISO 5675 recommends nominal diame- 
ters of 12.5 and 20mm, corresponding to 
the recommended nominal inside diame- 
ters of the hoses used. The maximum pres- 
sure is limited to 250 bar; the pressure drop 
should not exceed 3.5 bar at 45 I/min (for 
size 12.5) and at 70 1/min (for size 20). 


Further recommendations define the lo- 
cation at the tractor, the forces for con- 
necting and disconnecting, and the spill; 
for example, 12.5 ml when disconnecting 
under a pressure of 175 bar. This volume is 
not high, but better to collect it in a small 
spill container, Fig. 7.56, keeping the soil 
and the tractor free of oil. 

A second standard ISO 16028:2015 [7.58] 
defines flush type coupler versions with 
rated flows up to 189 I/min and very low 


pressure losses of only | bar. Nominal dia- 
meters are: 6.3/10/12.5/16/19/25 mm. 
These dimensions of ISO 16028 are not 
compatible with those of ISO 5675. How- 
ever, these couplers are useful for large 
tractors with remote flows = 100 I/min. 
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Metallic tube fittings enable the econo- 
mical mounting and dismounting of tubes. 
One basic principle is shown in Fig. 7.57. 


This initial design uses a hardened fer- 
rule (black) with one cutting edge which is 
pressed into the 24° cone by tightening the 
cap nut with a defined torsion moment, 
typically corresponding with about one 
“fixing turn” of the nut. As the tube is 
usually made of mild steel, the ring can cut 
a small groove into the tube surface, at the 
Same time creating a small wall sup- 
porting the sealing (right part of Fig. 7.57). 


Such a design has the disadvantage that 
the functions “sealing” and “carrying exter- 
nal forces or moments” are not separated. 


This can create leakage, mainly under vi- 
brations with dynamic bending moments. 
A simple test setup, Fig. 7.58, demon- 
strates the problem and can be used for a 
first evaluation of design improvements. 
However, detailed test methods are stan- 
dardized in ISO 19879 [7.59]. 


Modern versions as standardized in ISO 
8434-1 [7.60] keep the uniform cone angle 
of 24°; however, now recommend ferrules 
with two cutting edges, Fig. 7.59. The bro- 
ader base offers improved stability against 
vibrations; see also the commercial exam- 
ple in Fig. 7.60. In addition, vibrations can 
also be reduced by elastic tube clamps. 


If all this is not sufficient, the two func- 
tions of “sealing” and “carrying loads” 
should be separated as shown by example 
of Fig. 7.61. This design has outstanding 
reliability and a low risks of incorrect 
mounting but needs a special machine for 
preparing the tube and is slightly more 
expensive than a standard fitting. 

Another also very reliable design uses 
fittings for flared tubes (angle 37°, ISO 
8432-2:2007). Welded fittings are also re- 
liable but even more expensive. 

All fittings should be able to handle a 
nominal pressure of 25% burst pressure. 
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Fig. 7.57: Simple initial design of a tube fitting 
(DIN 2353) with “only one edge” ferrule 
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Alternating load (bending moment) 


Fig. 7.58: Testing resistance against leakage un- 
der inside pressure and external vibration 


Fig. 7.59: Metallic tube fitting of ISO 8434-1: 
Ferrule with two cutting edges 


yy 


Stabilizing 
contacts 


Cutting edge 2 
Cutting edge 1 


Fig. 7.60: Commercial example: tube fitting 
“EO-Plus” from Parker Hannifin 


Flexible captive sealing ring 


[Ly INE 
| 
wise 


(aN 2... 
Fig. 7.61: Robust fitting WALFORM with captive 


sealing ring. | Courtesy Eaton’s Walterscheid 
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Hydraulic filters reduce contamination 
[7.61], which is “responsible for the ma- 
jority of system breakdowns” (Bosch). 


Oil contamination can create 


- Higher wear of components under load 
- Abrasion at points of high fluid speed 

- Earlier fatigue of rolling bearings 

- Dysfunctions of servo valves 

- Clogging of small orifices 


Pump tolerance pro- 
file, 1000h life target 


Number of particles larger than d 


{ 10 20 40 60 
Particle size d 


SY 
100 um 200 


Fig. 7.62: Cumulative distribution of particles by 
numbers and concentrations in hydraulic fluids. 
Inserted: Pump tolerance and filter effect [7.63] 


Table 7.23: Particle codes of 1SO4406 (extract) 


ISO Particles in 100ml 
from to 


20 500,000 1,000,000 


7 Tractor and implement 


Contamination research results of the 
Oklahoma State University by Fitch et al. 
[7.62] were extracted for agricultural ma- 
chinery hydraulics by Béinghoff [7.63]. 

Developed contamination profiles can 
represent actual contamination and given 
limits of hydraulic components, Fig. 7.62. 


The special log-based scales of the dia- 
gram enable almost linear distributions of 
real system profiles in a cumulative man- 
ner. The smaller the particles, the larger 
their number, with a progressive increase. 


Example to read the diagram: 


There are 3500 particles of 20m or lar- 
ger in one cm’ fluid at the filter input cor- 
responding with 200 particles at its output. 
In total, the filter is able to reduce the 
particles for meeting the tolerance profile 
of the pump (example for 1000h life). 


Several international standards have been 
developed for evaluating system contami- 
nation and filter performance: 


- Counting particles of a given fluid auto- 
matically and processing the data by sta- 
tistical methods, [SO 11943 [7.64]. 

- Evaluating filter performance for given 
particle sizes by comparing upstream and 
downstream contaminations: multi-pass 
or beta test, ISO 16889 [7.65]. 

- Coding particles, ISO 4406 [7.66]. 

Codes of counting results (ISO 4406) are 
extracted in Table 7.23. A typical require- 
ment for mobile hydraulics is 19/17/13, 
which means, that 100 ml contain 


- max. 500,000 particles = 4 um 
- max. 130,000 particles = 6 um 
- max. 8,000 particles = 14 um. 


The filter test of ISO 16889 results in a 
beta value based on the following relation: 


No. of particles >x (um) upstream 


B..= (7.8) 


No. of particles >x (um) downstream 


Giving an example, we can derive from 
Fig. 7.62 a value of {49 = 3500/200 = 17.5. 
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Filter requirements are listed in 
Table 7.24. They are valid not only 
for hydraulics but also for transmis- 
sions (and of course engines). Fine- 
ness should be based on the ISO 
coding as shown above. 

Simple transmissions have no oil 
filter systems but those of upper tech- 
nology levels have them, often in 
auxiliary pressure circuits for shift 
actuators, cooling, and lubrication. 

There are two basic filter designs: 


1. Mech. filters (“screen, mesh’’) 
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Table 7.24: Basic requirements of filter specifications 


- Adequate fineness for the problem 

- High filtering performance: large f values 
- High capacity of contamination storage 

- Burst pressure according to the circuit 

- Low pressure losses Ap 

- Low Ap increase during service 

- Bypass valve preventing destruction 

- Sensor indicating end of service life 

- Easy to replace without tools 

- Low fluid loss in case of replacement 
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Capacity 2 
Capacity 1 


— 


2. Absorbent filters (“capillaries”) a is 
Absorbent filters are predominant © 3, 
because of their low costs and high a = 
deposit capacity, Fig. 7.63 (left) 4% ty 
while mechanical filters offer a bet- & . 
ter filter effect above their mesh size 3S 
(right). They are, for example, in- 9 = fp 
stalled as fixed-mesh suction filters Stored deposit Particle size (<) 


or fixed-mesh high-precision filters 
upstream of pilot-operated direc- 
tional valves. 


Filters for hydraulics, transmis- 
sions, and engines are usually of 
type 2. Efficiency of contamination 
control also depends on the filter 
position in the circuit, Table 7.25. 


Fig. 7.63: Filter performance: 1 mechanical, 2 absorbent 


A typical configuration is the combination of a 
suction filter and a return flow filter which should 
also collect leakage flows as they are usually high- 
ly contaminated. 


High-pressure filters offer the best results but are 
expensive, heavy, and seldom applied for tractors. 


Table 7.25: Oil filter systems. Suction filters (for larger particles) often combined with others [7.38]. 
Leakage of pumps is usually more contaminated than the main flow, should be filtered directly 


ae) 


Suction Low-pres- 
filter sure filter 


— ee ee 


High-pres- Return flow Independent 
sure filter filter filter circuit 
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Table 7.26: Comparing transmission and hy- 
draulic oil circuits; advantages indicated by + 


Oil circuits; COM- Sepa- 

bined rated 
- Logistics + 
- Common components —— + 
- One or two coolers + 


- Costs of piping 


+ 
- Total initial cost —————— + 
- Risk of contamination 

- Reserve of oil volume 

- Appropriate specifications 

- Temperature limits 

- Transmission performance 


++ ++ + 
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Kinematic viscosity 


Oil temperature 


Fig. 7.64: Kinematic viscosity versus tempera- 


ture for typical hydraulic oil (HLP 46, VI =100) 


8 
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Oil specifications have an important in- 
fluence on the wear and losses within a hy- 
draulic system. First of all, the designer 
must decide whether the circuits of the 
tractor hydraulics and the transmission 
shall be combined or not. Both systems are 
used and have pros and cons, Table 7.26. 


The most important oil property is its 
Viscosity (see also chapter 5.7.2). 


High viscosity supports surface separa- 
tion by oil films (reducing wear) but in- 
creases losses at high sliding speeds. This 
conflict requires a compromise, which is 
usually improved by additives reducing the 
wear under mixed-friction conditions. 


The viscosity of hydraulic oils greatly de- 
pends on temperature changes, Fig. 7.64, 
which can only slightly be influenced by 
additives (e. g. by large molecules). 


Common hydraulic oils typically have a 
nominal kinematic viscosity of 46mm’/s as 
defined in ISO 3448 for 40°C, Fig. 7.65, 
bold line. Other values may be needed for 
extremely cold or hot climates. 


An upper limit of 80 °C is recommended 
for tractor hydraulics. 


UTTO oil (Universal Tractor Transmis- 
sion Oil) is used for common oil circuits, 
STOU includes the engine (seldom used). 


As an example of UTTO, John Deere of- 
fers its “Hy-Gard’, which has a nominal 
kinematic viscosity of 59 mm/s, hence be- 
tween typical hydraulic and transmission 
oils, and is able to handle the specific de- 
mands of wet brakes. Engine oils can meet 
hydraulic oil viscosity demands, but other 
properties are not perfect. 


Disposable tank reserves of 011 volume 
(e. g. for lift cylinders of large dumper trail- 
ers) should be about 30-801 (S0—300 kW) 
in Europe. This can require extra tanks. 


Fig. 7.65 (left): Ubbelohde diagram for hydrau- 
lic oils with viscosity index VI = 100 [7.38], which 
is a typical value for the class HLP (DIN 51524) 
corresponding with class HM of ISO 6743-4 
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7.8 Tractor ballasting 


Agricultural tractors should be de- 
signed to be as light as possible to of- 
fer high payloads. 

Mass-to-power ratios of tractors in 
Europe were published in 2003 [7.67], 
Fig. 7.66. Actual values may be slight- 
ly lower as now generally related to 
EG power definitions (fans excluded, 
power values higher than with fan). 


If a tractor shall be able to develop 
high pull forces and traction power at 
low speeds, it usually needs ballast. 


The question 1s: How much ballast? 
A guideline can be developed by ap- 
plying the fundamentals of the pre- 
vious chapters, first by calculating the 
available power Paxie: 


Pate = (Font A- Pax) 7) (7.9) 


where 
Ppom = Nominal engine power (ISO) 
Payx = auxiliary power including fan 
A= utilization factor (power use) 
7 = transmission efficiency 
Auxiliaries may absorb 10% Prom. 
Powertrain management may enable util- 
ization of 90% nom. power, A= 0.90. 
Transmission efficiency (engine fly- 
wheel to axle output) may be 85% for 
the field working range of 5-15 km/h 
and the high utilization factor. 


Under these conditions, axle power 
equals 68% of nomimal ISO power. 
The tractor is ballasted well if axle 
power is transferred to pulling power 
with acceptable efficiency. Equation 
(2.8) from chapter 2 yields for 4WD: 


Pue= (K+p) 2X Fw% (7.10) 


where 
k= eff. total coefficient of net traction 
p= eff. total coeff. of rolling resistance 
“ Fw = sum of vertical axle loads 
V, = nominal tractor speed (zero slip) 
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Fig. 7.66: Net-mass-to-power ratios of agricultural 
tractors with cab and 4WD [7.67], based on diz data. 
Practical values often higher due to options 


A supposed axle power of 68% of nominal 
engine power yields the quantity equation: 


Axle load demand [Zkg] ~ 250 From [kW] (7.11) 


(K+P)-Yolkm/h] 


Example: Po. = 180 kW, 4WD, dry stubble, 
given slip 13% > xk =0.40, p = 0.08 (both ef- 
fective for the tractor), nom. speed V, = 7.2 km/h. 


— Equation (7.11) yields 13,021 kg. 


A modern tractor with 180 kW (ISO/EG) may 
have a net weight of 180 x55 kg = 9,900kg. 


Including options, the average practical value 
is usually higher, for example 10% more, which 
yields 10,890 kg. But even this would require 
additional vertical axle forces of 2,130 kg. In the 
case of a rear mounted plow, front ballast of 
about 1,000 kg could be right while the rest of 
1,130 kg could be contributed by a proportion of 
the plow weight and vertical soil forces (see 
Fig. 7.16 B of this chapter). Tractive efficiency of 
72.5 % (equation 2.9) is near its optimum, see 
Fig. 2.11 for «= 0.4, confirmed in [7.68]. 


This «—level can be recommended for heavy 
tillage operations in general as it is within the 
range of 0.30—0.45 for which the tractive effi- 
ciency has always its best values (Fig. 2.11). 
“Fine tuning” requires real time measuring of 
actual vertical axle loads to optimize ballast 
selection and positioning [7.68]. 
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7 Tractor and implement 


7.9 Front loaders and their consequences for tractor design 


Reverse 


——e 


Ballast 


AOD MELO Avvo 


Unlocking bucket Locking bucket in place 


Oo Lor 


Loading, lifting, reverse —‘ Transferring load 


Fig. 7.67: Duty cycle of a low-cost front loader for technology levels | and II, hydraulic cylinders only 
for lifting. Bucket is locked in place automatically through contacting ground in reverse direction 
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Fig. 7.68: Front loader with active attachment 
and Z-kinematics for self levelling, typical for 
premium standard tractors. Symbols: A digging 
depth, B lifting height, C dumping distance, D 
angle of emptying, E angle of backwards tilt 


Table 7.27: Design preliminaries for a tractor 
being able to carry a front loader 


- Tractor chassis: sturdy frame or addi- 
tional reinforcement through a frame 
with a stiff cross beam (Fig. 7.69) 

- Tractor front axle and tires must cover 
much higher loads than for common 
field work. Special load spectra needed 
for vertical axle loads and front drive 


torques. Safety clutch recommended 

- Adequate performance of power steer- 
ing and hydraulic pump flow 

- No constraits in serviceability and lights, 
loader easy to mount and to dismount. 
Rear ballast available 


The first generation of front loaders 
(also called front-end loaders) was simple 
as the loader attachments (forks and 
buckets) were only passive: They were 
locked by lowering the lifting arm to 
ground contact in reverse mode, Fig. 7.67. 
Such low-cost versions may still be of 
interest for technology levels I and II for 
small tractors of nominal 20-50 kW. Re- 
commended payloads are 400—800kg. 


Front loaders for tractors of higher tech 
levels offer more performance and func- 
tions (even weighing functions), Fig. 7.68, 
along with higher tractor power, active 
tool control, driven front axles, LS hydrau- 
lics, large tires, and power steering. 


A tractor which is able to carry a front 
loader must have a well prepared chassis 
with adequate stability, Table 7.27. 


Preliminaries of front axle dimensioning 
were already outlined in chapter 3.6. 


Adequate chassis stability can be real- 
ized by the basic structure or through aux1- 
liary frames. Their design should consider 
recommendations of [7.69], a basic rule for 
low chassis stresses is shown in Fig. 7.69. 


Cross beam 
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Not recommended Recommended 


Fig. 7.69: Recommendation of a simple auxiliary 
frame for front loader applications [7.68] 
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Premium front loaders offer 
nearly the performance of wheel 
loaders, which are also used as 
mobile farm machines, but are 
special machines needing special 
initial investment. 


Fig. 7.70 and 7.71 demonstrate 
the impressive performance of 
modern tractor front loaders. 


Typical requirements include 
a high comfort level with several 
electronic aids, Table 7.28. 


Lifting forces (continuously) 
are about 14 to 30 kN for stan- 
dard tractors with nominal power 
of about 50 to 150 kW. 


Earthmoving (Fig. 7.71) is the 
strongest employment and often 
used for final testing of a new 
design. 


Pressure peaks in the line be- 
tween the directional valve and 
the loader cylinder are limited by 
relief valves; for example, with a 
nominal setting of 220-240 bar. 


The connection of loader attach- 
ments and lifting arm is stan- 
dardized in ISO 23206:2005 by 
defining four connecting points. 
The standard recommends a max- 
imum tractor net weight of 7.5t 
(often exceeded by large trac- 
tors) and a maximum lift capa- 
city of 30kKN (common). 


The stability of a tractor against 
tipping is reduced considerably 
when the filled loader lifting arm 
is in its upper position. Relevant 
safety aspects are addressed in 
ISO 16231-1:2013 and DIN EN 
12525:2011. 


Measurement of a tractor’s cen- 
ter of gravity (without loader) 
can be carried out as described in 
standard ISO 789-6:2019. 
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Fig. 7.70: Round baler collecting and loading in the field. 
Courtesy New Holland (CNH Industrial) 


Fig. 7.71: Earthmoving: very heavy work for a front loader, 
hence, also used for testing durability, handling, and safety. 
Courtesy AGCO-Fenat 


Table 7.28: Requirements of premium tractor front loaders 


- Horizontal self-leveling - Optimized visibility 

- Adequate lift capacity = - Windshield can be opened 
- Convenient steering - Integrated damping system 
- Convenient reversing - Weighing and memo functions 


- Small turning circle - Easy to mount and dismount 
- Adequate lift speed - Integrated parking support 

- Controlled lowering speed = - Low weight of the lifting arm 

- Crossgate lever control - Warning against tipping 
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8 Tractor tests 


8.1 Structure of internal tests 


Internal tractor test activities can be 
structured into A, B, C, and D, Table 8.1. 


They can be organized by teams receiv- 
ing test orders from the design department 
and reporting to it or directly within com- 
mon project management teams. 


The experience of the author is that a 
separation of design and test activities is 
possible for sections B and D at an early 
project stage. However, joint teams are 
recommended at an advanced stage of a 
project addressing sections A, B, and C, 
during which related design and test teams 
should systematically go through the 
release status of all relevant tractor com- 
ponents at short intervals. 


Tests of category B take much time, which 
can be reduced by lab tests, Table 8.2. 


® 


Check for 
updates 


Table 8.2: Benefits of lab versus field tests 


- Dramatically reduced test times 
owing to accelerated 24h runs 

- High potential of automation 

- Reduced costs of tests 

- Much better repeatability 

- Easier, safer documentation 

- Lower noise level 

- Higher safety level 
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These reasons are very important; how- 
ever, lab tests require special skills and an 
understanding of fatigue fundamentals. 
The alternative of testing tractor compo- 
nents only through field operations with 
complete (usually very expensive) tractor 
prototypes is today far away from the state 
of the art and thus not recommended — not 
even for countries with lower technology 
levels. 


Table 8.1: Possible organization of tests within a modern tractor development process 


Functions, 
handling 


Shiftability of transmission, nominal 
speeds, tractor handling, ergono- 


Lab and 
field tests 


mics, electronics, mounting of im- 
plements, remote control, hitch for- 
ces, fuel consumption, heat balan- 
ces of all components, ... 


Endurance of 
components 


Torque loads of transaxle and front 
axle. Chassis bending and torque 


Mainly 
lab tests 


loads, loads on axle housings, hit- 
ches, suspensions, pumps, ... 


Preliminary tests ad- 
dressing homologation 
and consumer tests 


Cab safety structure, noise levels, 
engine emissions, braking perfor- 
mance, hand forces (with emergen- 
cy steering), pedal forces, visibility, 
cab climate, seat damping perfor- 
mance, safety, consumer tests ... 


Lab and 
field tests 
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Research Load and speed spectra, predic- Field mea- 
tive maintenance, electrification... | Surements 
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8 Tractor tests 


8.2 Fundamentals of cumulative damage analysis 


8.2.1 Introduction and history 


Table 8.3: Selected historic milestones 


1924 Palmgren: First algorithm on cumulative da- 
mage, defined for ball bearings [8.1] 

1932 Kloth and Stroppel: First load spectra [8.2, 8.3] 

1939 Gafner: First repeated load sequence for lab 
tests (8 steps), typically for airplanes [8.4] 

1945 Miner: “Miner rule”, applying Palmgren’s 
algorithm to other machine elements [8.5] 

1970 Haibach: Modified Miner rule [8.6] 


Relevant for powertrains: 
1940 (about) Torque measurements at drive axles 
of trucks and passenger cars [8.7] 
1950 and later: Publications on measured trans- 


Most fatigue calculations use “Miner” 

1976 Renius: Booklet on fundamentals of load and 
speed spectra for tractor transmissions [8.19] 

1976 Renius: Strategy of minimizing dimensions 
of gear wheels holistically for given load spec- 
tra; S-N curves with load scale instead of 
stress, based on Miner-Haibach [8.20] 

1977 Renius: Sizing transmission machine ele- 
ments of tractors for given load spectra [8.21] 

1990 Schaller: Confirmation of Miner-Haibach for 
gear wheel surface contact (pitting) [8.22] 

1994 Suchand: Confirmation of Miner-Haibach for 
gear wheel tooth bending [8.23] 

2002 Mariutti: Transmission torque load spec- 
tra of a rubber belt tractor [8.24] 
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mission loads, mainly for tractors [8.8—8.18]. 


Some fundamentals have already 
been addressed in previous chapters for 
rolling bearings, gear wheels, shafts, 
complete transmissions, and other ele- 
ments including PTO shafts. 


This chapter summarizes the whole 
process of calculation and testing which 
requires the following activities: 


- Measurement of service loads/speeds 
- Statistical treatment of stored data 

- S-N curves, scaled in stress and/or load 
- Cumulative damage models 

- Accelerated tests for verification 


Important historic milestones are list- 
ed in Table 8.3 with general public- 
cations in the upper part and a focus on 
powertrains in the lower part. 


A. Palmgren (1890-1971) presented 
the first linear cumulative damage hy- 
pothesis in 1924 [8.1]. The extract in 
Table 8.4 shows his famous equation 
(see also equation 5.18 of this book). 
His approach became the basis for the 
whole discipline. He initially proposed 
his algorithm for ball bearings, but it 
became common for all rolling bearings; 
with since then some refinements as 
shown in chapter 5.7 of this book. 


Table 8.4: A. Palmgren’s cumulative damage model, copy from his original publication 1924 [8.1]. 
m, = actual revolutions (of life) for load 1, n, = revolutions under load 1 up to bearing failure, etc. 
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In 1932, early statistical fundamentals on 
service loads were published by agricul- 
tural engineers W. Kloth and T. Stroppel 
[8.2] who measured torque loads at the 
input shaft of a binder, driven by the trac- 
tor PTO at 540 rpm. The author believes 
that these authors could be the first ones to 
apply statistical methods to processing 
load measurements and to recommend life 
predictions with S-N curves. 


At that time they were mainly interested 
in peak loads, Fig. 8.1, additionally also in 
time portions. Kloth and Stroppel first used 
the term “Kollektiv” in 1936 [8.3]. 


They stimulated new methods of dimen- 
sioning with load spectra not only for 
agricultural machinery but also for the 
automotive and aircraft sectors. 


Ernst Gafner (1908-1988) was probably 
the first to develop repeated load sequences 
for lab tests, based on load spectra [8.4], in 
close co-operation with A. Teichmann. 


In Germany, they both introduced the 
term “Betriebsfestigkeit” as a special new 
word which is equivalent to the English 
term “cumulative damage in fatigue.” Both 
address calculation and test methods for 
machine elements or components, in par- 
ticular for random type service loads. 
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Fig. 8.1: Early statistical analysis of load mea- 
surements resulting in a load spectrum (in this 
form also called “load histogram”), presented 
in 1932 for a PTO drive to a binder by Kiloth 
and Stroppel [8.2]. Reconstructed original 


The principle of damage calculation 1s 
shown in Fig. 8.2 for the classical Miner 
rule [8.5] (left) and Haibach’s refined pro- 
posal [8.6] (right). Each damage fraction 1s 
calculated by dividing the actual cycle by 
the number of cycles to failure. 


Both models require that the sum of all 


damage fractions must be less than 1. 
Damage fractions 
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210" 105 106 107 108 
Number of cycles 


Fig. 8.2: Cumulative damage calculation: Left diagram “Miner original” and right “Miner-Haibach”. 
a load spectrum (histogram = class frequency), b fatigue endurance limit, c finite life leg, d virtual 
“Haibach” leg with slope -(2k-1) instead of - k (k is the slope of leg c). 

Both models allow in principle a damage sum of < 1.00. Due to spreading of parameters, several 
publications recommend damage sums < 0.5 for “Miner-Haibach”. On this basis, the author recom- 
mends probabilities for tractor load collectives and load-scaled S-N curves of at least 90% 
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8.2.2 Load counting methods 


Important rule: Statistical counting of 
measured loads must be adjusted to the 
type of dimensioning problem, Table 8.5. 


The first group needs triggered sample 
picking or time portions. This method was, 
for example, recommended by John Deere 
already in 1962 [8.12], by ZF in 1973 
[8.9], and by the author in 1976 [8.19]. 
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Triggered sample picking is the standard 
counting method for group | load spectra. 
If the rotational speed is nearly constant, 
time portions can be used [8.9, 8.19]. 

Rainflow counting is not appropriate for 
group 1; however, recommended for group 2. 

An explanation of this method and its ap- 
plication to tractors and agricultural ma- 
chinery was presented in [8.25]. 


Table 8.5: Adapting the counting method of a load spectrum to the type of dimensioning problem 
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e Gear wheels 

e Rolling bearings 

e Shafts with rotating 
bending such as axle 
output shafts 


e Shafts (torsion) such as transaxle and PTO shafts 

e Structures (torsion, bending) such as chassis elements, 
transmission housings, axle housings, 3-point linkage 
elements, front loader lifting arms, elements loaded by 
hydraulic pressure, non-rotating gear wheels (diff.) ... 


Examples of 
application 


Best basis for “material 
property” is a load-cycle 
fatigue curve for a moun- 
ted element, calculated 
from an S-N curve or ex- 
perienced directly by test 
runs 


S-N curves or load-versus- 
cycle fatigue limit curves 
for each class of mean 
stress or load. 


S-N curve or load versus 
cycle fatigue limit curve 
with 
Lower peaks 
~ Upper peaks 


Material 
property 
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R derived from load track 
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8.2.3 The practical process 


Practical cumulative damage analysis 
is often carried out on stress levels. This 
can make sense for problems of group 2 of 
Table 8.5; however, not as well for group J, 
for which the author clearly recommends 
load scales [8.20, 8.21]. 


Such logarithmically scaled load ordi- 
nates simplify the use of fatigue curves of 
mounted gear wheels, Table 8.6. The 
strategy C on the right of the table is the 
best at saving costs; hence underlines the 
benefits of cumulative damage analysis. 
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Optimized sizing of mounted gear wheels 
as presented by the author in 1976 [8.20] 
(Fig. 5.112) was applied to Deutz trans- 
missions from 1975, Fig. 8.3 [8.26]. The 
dimensioning diagram of the rear axle be- 
vel gearing of a new Deutz transmission 
shows three S-N curves in torque load scale 
in almost ideal positions. Shot peening 
reduces their statistical spread [8.27]. 


Forecasting of such torque load-based S- 
N curves is challenging. Hence, one-level 
lab tests were run first to verify them. This 
holistic approach was refined in [8.28]. 


Table 8.6: Three strategies of dimensioning of a pair of gear wheels, expressed by the position 
of load-based S-N curves for the four main fatigue criteria (Table 5.22). See also Fig. 5.112 
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Fig. 8.3: Calculation and test of the bevel gearing of the Deutz transmission TW 90 (later TW 900) 
as an example [8.26]. As the ordinate is of torque (instead of stress), test results can be easily 
inserted and evaluated. A first 440h lab test was undertaken with a constant high load at a typical 
heavy tillage speed verifying forecasted load-scaled S-N curves of the two mounted bevel gears 
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Fig. 8.4: Class frequency and sum frequency 
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Number of counts/cycles (log) 


Fig. 8.5: A continuous line through a class fre- 
quency can be a source of mistakes as it yields 
a density distribution only for class width 1 and 
is not needed for cumulative fatigue analysis 


Table 8.7: Acceleration factors for lab tests 


A1 Considers removing low loads/stresses 
A2 Considers an increased test speed 
- in rpm (relevant in group 1, table 8.5) 
- in cycle frequency in Hz (relevant in 
group 2, table 8.5) 
A3 Considers disturbing vibrations of the 
test equipment 
A4 Considers high local temperatures 
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Fig. 8.6: Acceleration factor A1 for transmis- 
sion lab tests. A1 =real life/test time 
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Load spectra and lab test strategies 

Component testing 1s usually started be- 
fore prototypes are available, which needs 
a fund of representative load spectra. 


As shown in chapter 5, dimensionless 
load scaling is recommended for generali- 
zing proven load spectra. 


The two most important tractor load 
spectra are related to the transmission: 
- Total gearbox input spectrum, see chap- 
ter 5.8, Fig. 5.133. 
- Total axle torque load spectrum, see chap- 
ter 5.8, Fig. 5.136. 

Load spectra for individual speed ranges 
of the gearbox need adjustments: Flat for 
high speeds, bulgy for tillage speeds. 


A helpful strategy for “testing” them is 
the application to proven components 
which are known not to have reserves. 


The relation between class and sum fre- 
quency is shown in Fig. 8.4. Example for 
reading the sum frequency: N, is the num- 
ber of cycles which stands for all loads or 
stresses of the level F, and above. 


Class frequencies are necessary for da- 
mage calculations (Fig. 8.2). 


If the number of classes is high enough, 
the shape of the sum frequency becomes 
independent of the class width. 


The amount of each column depends on 
the class width. A density function requires 
a constant “class width 1”. Hence, a conti- 
nuous line through the tops of the columns 
is not recommended in general, Fig. 8.5. 


Lab tests are a must, Table 8.2. Test time 
is saved first by running 24 hours a day, 
but in addition by acceleration factors Al- 
A4, Table 8.7. Factor Al is the most 
important one, explained in Fig. 8.6. 


It was found that loads below 50% of the 
tooth bending endurance limit of a gear 
wheel cause no damage [8.29]. 

As the average test load is usually above 
nominal, local temperatures must be control- 
led [8.30] and all important data recorded. 
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8.3 Test equipment for compo- 
nents 


A new transaxle is usually the most im- 
portant subject among all components to 
be tested (if we exclude the diesel engine). 


Three test benches from “low-cost” to 
“high-tech” are described. 


A very simple configuration uses two 
transaxle prototypes to build up a pre- 
loaded power circuit, Fig. 7.8 [8.26]. Such 
a test set-up was employed at former MF 
tests and applied in similar form to testing 
the transmission Deutz TW 90/TW 900 
around 1975. Its investment costs are very 
low and it requires little energy and cool- 
ing equipment as only energy losses are 
replaced. Its main disadvantages are: 


- Two prototypes are needed (costs, time) 
- One unit runs in the wrong direction 

- Low dynamics 

- Four-wheel drive not included 


Some disadvantages can be resolved by 
the test equipment of Fig. 8.8. Low-speed 
hydraulic motors used as pumps create oil 
flows. Throttling them induces test torques, 
see equations (7.3) and (7.4) of chapter 7. 


Such a structure or similar configurations 
were used around 1960-70 by Allis-Chal- 
mers. They offer high dynamics and can 
be completed with 4WD and PTO braking 
units but convert 100% of the diesel fuel 
energy to heat. This is expensive and re- 
quires large oil-water coolers to remove 
the heat from the circuits. 


Modern transaxle test beds use electric 
units, Fig. 8.9. Braking is done by genera- 
tors, feeding their energy back into the 
general grid or building an independent 
small grid feeding back the braking energy 
directly to the driving motor. Such systems 
are very flexible, unfortunately expensive. 

Test progress can be visualized by linking 
actual data of load and cycles with dimen- 
sioning diagrams as shown in Fig. 8.3. 
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Fig. 8.7: Low-cost equipment for testing two 
tractor transaxles. Energy input is low but one 
transaxle is tested in the wrong speed direction 


\ 
Transaxle 
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Fig. 8.8: Hydraulic equipment for testing one 
tractor transaxle using a hydrostatic brake 
system. Good dynamics but high energy input 
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front drive 
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Fig. 8.9: Modern transaxle test equipment with 
electric units, recuperation of the braking ener- 
gy, and a highly sophisticated control system 
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Fig. 8.10: Principle of accelerated test time by 
increased test frequency in cycles per second. 
Increased test frequencies enable large acce- 
leration factors (in this case a factor of 5 for 
the load track of Fig. 7.21): Such tests are 
possible with the equipment of Fig. 8.11 
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Fig. 8.11: Test equipment for dynamic loads 
or deflections of constant or random type 
amplitudes and frequencies. High precision 
and high frequencies due to closed loop 
control and special hydraulic components. 
Commercially available under the Schenck 
trademark “Hydropuls” 
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Structures such as axle housings or lift 
rods of the three-point linkage or steering 
elements can be tested dynamically with 
load sequences derived from field measu- 
rements. Small amplitudes which may not 
be relevant to the damage can be eliminat- 
ed to save time. If the required frequen- 
cies are low and the components heavy, 
simple lab test setups are used with con- 
ventional hydraulic cylinder and simple 
proportional valves for dynamic loading 
(with or without force feedback). This is, 
for example, typical for testing a front axle 
with vertical and horizontal dynamic loads. 
A higher frequency than that of the original 
field load track also saves test time, ulti- 
mately saving test costs, Fig. 8.10. 


Smaller components with low deflections 
under loads such as lift rods or coupling 
elements for trailer or implements can be 
tested with considerably increased fre- 
quencies. This is possible with test equip- 
ment such as in Fig. 8.11. A stored load 
sequence delivers the set value, usually in 
an automatically repeating form. This 
signal is forwarded to a servo valve which 
controls the flow to and hence the load of 
the hydraulic cylinder. Dynamics and test 
quality are secured by devices such as: 


- Pilot-operated valves for high frequencies 

- Accumulators to amplify hydraulic power 

- Feedback of the actual load or deflection 
to the control unit for signal correction 

- The use of a special hydro cylinder with- 
out friction (hydrostatic centering) 

- The use of a high-pressure filter in the line 
to the servo valve to secure its function 


This enables test runs with outstanding 
dynamics; for example, with up to about 
100 Hz in the case of low deflections. The 
disadvantages are high investment costs 
and high energy consumption. 


Energy consumption can be reduced con- 
siderably in special cases such as gear 
tooth tests with equipment which uses re- 
sonance test equipment. 
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Strain gauges are used to measure mate- 
rial strain, from which stresses or forces 
can be derived, Fig. 8.12. As the cross sec- 
tions of a strain gauge change slightly, the 
wire’s electric resistance changes accor- 
dingly: resistance increases under tension 
or decreases under compression. This can 
be utilized by electric Wheatstone bridges. 


1/4 bridge 1/2 bridge 


Variable voltage U's 


Variable voltage C/s 


Constant voltage U/o Constant voltage L’o 


The higher the number of correctly active resistors lepaal the higher the initial sensitivity 
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Fig. 8.12: Strain gauge. Horizontal strain 
reduces the cross section of the wires increa- 
sing their electrical resistance and vice versa 
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Fig. 8.13: Basic positions of strain gauges (resistors) in a Wheatstone bridge to achieve best 
initial sensitivity. The signs + and — indicate the variation trend of the resistance under strain. 
Rule for adhering: Opposite resistors should have the same trend of resistance change (both + 
or both —) while neighbouring resistors, for example R2 and R3, should have opposite trends 


Strain gauges are usually produced in 
foils which are adhered to the cleaned ma- 
terial with high-strength cements [8.31]. 


Incorporation in a Wheatstone bridge re- 
quires four resistors and adequate cir- 
cuitry for good signals [8.32], Fig. 8.13. 
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Fig. 8.14 shows examples for measuring 
bending moments and tensile forces with 
strain gauges in full bridges. 


A nominal strain of at least 0.05 % (for 
steels) and compensation of temperatures is 
required to obtain a suitable electric signal. 
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Fig. 8.14: Typical examples of strain gauge applications with full bridges and best possible 
bridge sensitivities. Sensors with strain gauges should use good steels, enabling high strains. 


Left (bending): R1 and R3 (opposites in the bridge) are both fixed on the beam in a longitudinal 
direction in an area of high tensile stress (strain gauge cross section decreases, resistance 
increases). R2 and R4 are compressed, resistance decreases at both. 

Right (tension): Resistance increases at both R1 and R@8 (both opposite in the bridge) while 
resistance decreases slightly at R2 and R4 due to lateral contraction 
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The application of electronics has become very 
important for tractors of upper technology levels, 
as already addressed in chapter 6.7 (ISOBUS) 
and 7.2 (automation and safety). Functional com- 
plexity has dramatically increased. 


Table 8.8: Hardware in the Loop (HiL), applied for 
testing hardware of an electronic control unit (ECU). 
The only hardware, in this case, is the control unit. 
All other system elements are simulated [8.34]. Real- 
time data flow is a must 


jpeg 
| Driver 
Hardware to be tested 
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Fig. 8.15: Hardware in the Loop (HiL) equipment 
for testing hardware components of tractor electro- 
nics which are assembled on the right. 

The real-time computer on the left simulates the 


tractor sensor signals. Courtesy AGCO-Fendt 
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Development is very time-consuming 
regarding 
- Safety 
- Reliability 
- Functionality 
- System dynamics 
- System performance 
- Ergonomic interactions 
- Environmental interactions 


Safety, reliability and functionality 
are must-haves, placing a high degree 
of responsibility on tractor manufactu- 
rers including their engineering staffs. 
Ergonomics mean easy-to-handle in- 
terfaces. Standards and common pro- 
cedures among different companies 
support good results. 


Systematic development strategies 
use the V-model as explained in chap- 
ter 6 (Fig. 6.61), which includes tests. 


Field tests would need a complete 
prototype, would take much time, and 
would end up generating unaccepta- 
bly high development costs. 


This means that lab tests are reaso- 
nable as a first step. In order to save 
the costs of a complete set of tractor 
hardware components, Hardware in 
the Loop (HiL) was developed as a 
powerful tool [8.33, 8.34], Table 8.8. 


The only hardware in this example is 
the control unit. Modelling can be sup- 
ported by commercial software such as 
Matlab, Simulink, or Stateflow. Sup- 
porting test equipment is commer- 
cially available working in real time. 


Of course, final field tests are ne- 
cessary with a special focus on “hand- 
ling” and other ergonomics. 


Hardware in the Loop equipment 
does not need much space, Fig. 8.15. 
The picture shows an application at 
AGCO-Fendt for testing a single con- 
trol unit or a combination of electronic 
components. 
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The chassis with the rear 
axle housing and the three- 
point hitch linkage can be 
tested with one simple con- 
figuration, Fig. 8.16. 


The weight is lifted and 
released to “fall down” to 
its lower position where the 
hydraulic hitch valve closes, 
decelerating the weight and 
creating dynamic loads. 


Obstacles 


Heights of obstacles 
e. g. 40-100 (120) mm 


Large tractor, large tires 


Outer diameter 40-50 m 
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Fig. 8.16: Low-cost dynamic load lab test of the rear three- 
point hitch and the rear part of the tractor chassis with, for 
example, 50,000 cycles. Calibration is possible by weights, lift 
height, hitch valve, and pressure relief valve based on mea- 
sured load spectra for driving with mounted implements 
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Fig. 8.17: Typical bump test track circuit with obstacles representing a very bad road with pot- 
holes. Automatic 24h run of ballasted instrumented chassis (dynamic peak loads) or complete 
tractor (shaking without implements) for 5-10 days, each representing a total tractor life with a 
defined probability. Drive by tractor diesel engine or electric pulling unit with reduction gearing. 
Safety system installed to stop drive in a tractor breakdown or emergency case 


Dynamic tests of complete tractors 
with and without implements are often 
carried out on track circuits to address 
tractor durability on bad roads, Fig. 8.17. 

A chassis or a complete prototype, dri- 
ven by its diesel engine or an electric drive 
system, runs on the circle with an auto- 
matic guidance system, Fig. 8.18. 


Two types of test runs are common: 


- Ballasted chassis with heavy implements 
- Complete tractor without implements 


The main challenge is the calibration of 
the tests, based on real world load or ac- 
celeration measurements (load spectra). 

Practical road profiles are an important 
basis for the obstacle system [8.35-8.43]. 
Fundamentals of track design and its cali- 
bration are presented in [8.44]. 


Tractor driven by diesel 
engine or electrically by 
the guide system 


= Obstacles 


Fig. 8.18: Mechanics for an automatic guid- 
ing system of a tractor which is running on the 
track circuit. Obstacles are distributed accor- 
ding to road profiles. Calibration by obstacle 
heights, obstacle correlation (left-right), tractor 
velocity, tire inflation pressure, and stiffness of 
axle suspensions 
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8.4 Public tractor testing 


The Nebraska Tractor Test is the old- 
est official tractor test, founded to ensure 


Table 8.9: OECD Tractor Test Codes 


-— No. of OECD Tractor Test Code 


2 Testing of tractor performance 

3 Dynamic testing of roll-over protec- 
tive structures 

4 Static testing of roll-over protective 
structures 

5 Measurement of noise at the driving 
position (driver’s ear simulated) 

6 Testing of front-mounted protective 
structures on narrow-track tractors 

7 Testing of rear-mounted protective 
structures on narrow-track tractors 

8 Testing of protective structures on 
tracklaying tractors 


9 Testing of protective structures for 
telehandlers 


10 Testing of falling object protective 
structures on tractors 


© Renius 


Table 8.10: DLG-PowerMix tractor test [8.45] 


Group Operation 

2 [1 | Heavy moidboard plowing 
= [2 | Moderate molaboard plowing 
= [3 
5 fa 
aE 
aE 
tis 
pulsPTO|11| Distributing dung 
shydaul. 12) Moderate baling 
Pulling | 13} Pulling of trailer, mountains ; 
trailer | 14} Pulling of trailer, low power & 
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reliability standards, originally for farmers 
in Nebraska (Nebraska Tractor Law 1919). 


The Nebraska Tractor Test Laboratory 
(NTTL) is located on the East Campus of 
the University of Nebraska-Lincoln. 


The original building from 1919 was des- 
ignated as a historic site in 1980 by the 
American Society of Agricultural Engi- 
neers (ASAE). Since 1998 it was housed 
the Larsen Tractor Test & Power Museum. 


The John Deere “Waterloo Boy” (25 belt 
hp) was the subject of the first test, which 
was completed in 1920 with good results. 
Test No. 2 was withdrawn and tests 3-7 
were carried out with Case tractors. 


The main test subjects were drawbar hp 
(on dry concrete), belt hp, PTO hp, related 
fuel consumption, and engine oil consump- 
tion. Notes on the reliability of the tractor 
during all test runs were also recorded. 


The Nebraska Tractor Test can be re- 
garded as one basis for the OECD test 
codes prevailing today, Table 8.9, for 
which quite a number of international 
institutions are now authorized. 


In 2019, the OECD Coordinating Centre 
reported the following five most common 
tests (of a total of 445 tests in 2018): 


- 39 % on Code 4 - 11% on Code 2 
- 23 % on Code 7 - 8% on Code 6 
- 16% on Code 10 


Tests on Code 4 are obligatory in several 
countries, hence dominate. 


In order to test and rate the energy effi- 
ciency of tractors under practical condi- 
tions, in 2005 the German DLG TestService 
launched the DLG-PowerMix, a procedure 
additional to OECD Code 2. 


Based on practical working profiles, the 
loading sequence of Table 8.10 was devel- 
oped: Fuel consumption is expressed in 
g/performed kWh for individual tasks and 
the total sequence. More information see 
www.DLG-Test.de/powermix. 
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International standards for 
agricultural tractors 


The International Organization for Standard- 
ization (ISO) was officially founded on 23 
February 1947, starting with standards for 
tractors (and agricultural machinery) in 1952. 


The following list uses shortened titles in 
order to save space. For complete official 
titles, search on the respective ISO number 
online at www.iso.org. 


ISO 500-1. Rear PTO (4 basic types), general 
dimensions, clearances, master shields 

ISO 500-2. Rear PTO of narrow track tractors. 
Special master shield and clearance 

ISO 500-3. Rear PTO, shaft locations and 
shaft dimensions (4 PTO types) 

ISO 730. Rear mounted three-point linkage, 
tractor-related dimensions of all categories 


ISO 789. Tests and tractor data measurements, 


- Part 1: Power tests for power take-off. 

- Part 2: Rear three-point linkage performance 

- Part 3: Turning and clearance diameters 

- Part 4: Measurement of exhaust smoke 

- Part 5: Test of PTOs which are not mechan- 
ically driven by the engine 

- Part 6: Measurement of center of gravity 

- Part 7: Axle power determination 

- Part 8: Test of engine air cleaner 

- Part 9: Power tests for drawbar 

- Part 10: Test of hydraulic power as available 
for implements 

- Part 11: Test of steering capability 

- Part 12: Test of low temperature starting 

- Part 13: Terms and definitions 

ISO 1219. Fluid power, symbols and circuits, 

- Part 1: Graphic symbols 

- Part 2: Circuits with applied symbols 

ISO 1999. Noise-induced hearing loss 

ISO 2057. Hydraulic cylinder for implements 

ISO 2332. Implement clearance zones of 

three-point linkage connections 

ISO 2534. Road vehicles, gross power test 

ISO 2631-1. Evaluation of human exposure to 

whole body vibration (diagrams) 


ISO 3463. Dynamic test of roll-over protective 
structures (ROPS) 
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ISO 3600. Operator's manuals 

ISO 3767-1/ -2. Symbols for operator control 
ISO 3776-1/-2/-3. Seat belts 

ISO 4004. Track width 

ISO 4251. Tractor tyres, 

- Part 1: Tyre dimensions and rims contours 

- Part 2: Tyre ply ratings and load ratings 

- Part 3: Rims, since 2017 — ISO 18804 

- Part 4: Tyre classification code 

ISO 4252. Dimensions of cab access and exit 
ISO 4253. Seating accommodation, dimensions 
ISO 4254-1. Safety, general requirements 
ISO 4406. Counting and coding of fluid conta- 
mination in hydraulics 

ISO 4413. Hydraulics, rules and safety 

ISO 4414. Pneumatics, rules and safety 

ISO 5007. Operator seat test 

ISO 5008. Operator whole body vibration test 
on a tractor, smooth track and rough track 
ISO 5131. Noise level at driver’s ear 

ISO 5353. Seat Index Point SIP 

ISO 5673-1. PTO drive shaft configurations, 
safety aspects, axial telescopic forces 

ISO 5673-2. Drive shaft use and clearances 
ISO 5674. PTO safety guards 

ISO 5675. Hydraulic couplings, small 

ISO 5700. Static test of roll-over protective 
structures (ROPS) 

ISO 5711. Wheel-to-hub fixing, dimensions 
ISO 5721. Field of vision. Requirements, tests, 
- Part 1: Front vision 

- Part 2: Vision rear and to the side 

ISO 6336. Calculation of gears, 

- Part 1: Basic principles, influence factors 

- Part 2: Surface durability (pittings) 

- Part 3: Tooth bending strength 

- Part 4: Flank fracture load capacity 

- Part 5: Materials 

- Part 6: Service life under variable load 

- Part 7: (under work): Micro pitting 

ISO 6489. Mechanical connections, 

- Part 1: Dimensions/locations of hitch hooks 
- Part 2: Dim./locations of cleves coupling 40 
- Part 3: Dim./locations of tractor drawbar 

- Part 4: Dim./locations of piton fix 

- Part 5: Dim./loc. of non-swivel clevis couplg. 
ISO 7241-2. Testing quick action couplings 
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ISO 7867. Metric agricultural tires and rims, 

- Part 1: Dimensions, tire-rim coordination 

- Part 2: Load ratings 

ISO 8178. Test cycles for IC engines, 10 parts, 

- Part 4: Steady-state cycles for many appli- 
cations; cycle C1 includes tractors 

- Part 6: Test reports 

- Part 10: Test under transient conditions 


ISO 8434-1. Metallic tube connections 

ISO 8608. Road surface profiles 

ISO 8664. Radials: load index, speed symbol 
ISO 8759. Front mounted implements, 

- Part 1: PTO safety and clearance zone 

- Part 2: Stationary equipment 

- Part 3: PTO: General specifications, location 
- Part 4: Three-point linkage 

ISO 8935. Cab aperture for implement control 
ISO 10448. Hydraulic pressure for implements 
ISO 10763. Dimensioning of hydraulic tubes 
ISO 10998. Requirements for steering 

ISO 11001. Three-point hitch couplers, 

- Part 1: U-frame coupler 

- Part 2: A-frame coupler 

- Part 3: Link coupler 

- Part 4: Bar coupler 


ISO 11374. Four-point rigid hitch 
ISO 11471. Coding of remote hydraulics 
ISO 11684. Safety signs and hazard pictorials 


ISO 11783. Serial control and communications 
data network (status 2018), 

- Part 1: General definitions 

- Part 2: Physical layer 

- Part 3: Data link layer 

- Part 4: Network layer 

- Part 5: Network management 

- Part 6: Virtual terminal 

- Part 7: Implement messages layer 

- Part 8: Power train messages 

- Part 9: Tractor ECU 

- Part 10: Task controller, information system 
- Part 11: Mobile data element data dictionary 
- Part 12: Diagnostics services 

- Part 13: File server 

- Part 14: Sequence control 

ISO 12003. Test of front and rear mounted 
ROPS for narrow-rack tractors, non-rolling, 

- Part 1: Test of front mounted ROPS 

- Part 2: Test of rear mounted ROPS 

ISO 12100:2010. Safety, evaluation of risks 
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ISO 12188. Test of positioning/guiding systems, 

- Part 1: Satellite-based positioning systems 

- Part 2: Satellite-based auto-guidance systems 

ISO 12368. Test of hook-type connections 

ISO DIS 12933. Braking requirements (recalled) 

ISO 12934. Definition of agricultural tractor 

ISO 13849. Safety of control systems, 

- Part 1: General principles of design 

- Part 2: Validation of design safety 

ISO 14121. Risk assessment of machines 

ISO 14269. Operator enclosure environment, 

- Part 1: Cab, vocabulary 

- Part 2: Cab, climate test 

- Part 3: Cab, effect of solar heating 

- Part 4: Cab air filter test 

- Part 5: Cab, pressurization system test 

ISO 14396. Engine power measurement, in 

addition to ISO 8178 (emissions) 

ISO 14982. Electromagnetic compatibility 

ISO 15077. Ergonomics for operator controls 

ISO 15550. Basics of IC engine measurements 

ISO 16028. Large flat hydraulic couplings 

ISO 16154. Lighting, signalling, markings for 

travel on public roadways 

ISO 16231. Assessment of tractor stability, 

- Part 1: Basic principles 

- Part 2: Static stability 

ISO 16889. Multi-pass filter test 

ISO 17567. Hydraulic power beyond system 

ISO 17612. 12V connector, plug in the cab 

ISO 18497. Safety of “highly automated” 

ISO 18804. Rims, including forestry tractors 

ISO 21244. Hitch rings for trailers 

ISO 22172-1:2019(E). Repair of IT systems 

ISO 23205. Requirements of instructional seats 

ISO 23206. Front loader interface for tools 

ISO 24347. 80mm ball-type coupling 

ISO 25119. Safety of control systems, 

- Part 1: General design principles 

- Part 2: Concept phase 

- Part 3: Series development 

- Part 4: Production, operation, improvement 

ISO 26322. Tractor safety, 

- Part 1: Standard tractors (including cab 
boarding steps) 

- Part 2: Narrow-track tractors 

ISO 27850. Test of falling object protective 

structures (FOPS) 
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Comprehension test 


The following 135 questions with a few 
calculation problems can be used for exami- 
nations or personal knowledge tests. 


It is also possible (and can be motivating) to 
jump to the book content using these questions 
to get a first useful survey on the most im- 
portant subjects. 


The answers can be found in the book on the 
pages indicated in brackets ( ). 


1.1 What are the basic benefits of agricultural 
mechanization for the general development of 
a nation (1)? 

1.2 What are the benefits of agricultural me- 
chanization for practical farming (1)? 

1.3 List six important milestones in tractor 
history (13). 

1.4 Explain the reasons for the success of the 
Fordson F and its influence on international 
tractor design (5). 

1.5 In which year and in which country were 
low-pressure pneumatic tires for tractors first 
introduced (7)? 

1.6 How does the Ferguson system work (7)? 

1.7 Sketch the design of a modern standard 
tractor with its main components (15). 

1.8 Explain the principle of tractor families 
using some basic specifications (20). 

1.9 Describe the power-related specific initial 
tractor costs of tractor models within three 
tractor families. Why does the largest model 
usually offer the lowest specific costs (20)? 

1.10 Explain the basic activities of the R&D, 
marketing, factory, and finance departments 
for evaluating a proposed tractor project (20). 

1.11 Which are typical criteria when a farmer 
decides to buy a tractor (21)? 

1.12 Which factors affect the ex-factory trac- 
tor costs (21)? 


2.1 Explain the Coulomb equation as a model 
for soil resistance under shear and normal 
stress (26). 

2.2 Which model can be used to estimate the 
maximum off-road gross traction (26)? 
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2.3 Explain the terms “gross traction” and 
“net traction” and their relationship (28). 

2.4 Draw a graph of the gross and net traction 
of a pneumatic tire versus travel reduction 
with graphic precision around the zero-slip 
point for a reasonable zero-slip definition (28). 
2.5 Name and explain the definitions for the 
common dimensionless expression of net 
traction and rolling resistance (28). 

2.6 Which method (with example diagram) is 
used to plot traction efficiencies without need- 
ing slip (30)? 

2.7 A large tractor drive wheel is loaded by 
20 KN at a specified inflation pressure of | bar. 
Calculate the net traction for 20% slip while 
driving on an uncultivated stubble field (28). 
2.8 Estimate the traction efficiency for the 
conditions of problem 2.7 (28). 

2.9 Explain the benefits of low off-road tire 
inflation and high on-road inflation (32). 

2.10 What is the definition of soil porosity 
and which value is suitable for successful 
plant growth (36)? 

2.11 Mechanics of a 2WD tractor: Explain 
how the horizontal pull force results from the 
rear axle gross traction, using a diagram (41). 
2.12 What is a reasonable definition of the 
locking effect of a drive axle differential (42)? 
2.13 Why is the gain in pull (%) by an addi- 
tional front axle drive much larger than the 
additionally used front axle load (%) (43)? 


3.1 Which are the basic requirements of trac- 
tor tires (50)? 

3.2 Why is an increased tire width (compared 
to standard dimensions) more economic in 
first costs than an increased tire diameter (51)? 
3.3 Explain the principle of “low correct” tire 
inflation for off-road operation (52). 

3.4 Dimensions of a tractor may be increased 
by factor 1. Explain in detail why the dimen- 
sions of the tires must be increased by more 
than A for off-road operation. Which factor 
can be recommended (53)? 

3.5 What is the No. | rule for designing a 
tractor frame for high torsion stiffness (55)? 
3.6 Draw the powertrain of a driven front axle, 
including a recommended brake position (60). 
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3.7 Which counting method should be used to 
achieve load spectra from measurement results 
of dynamic tractor axle loads (not torques)? 
How is the absolute highest peak load of the 
related load history diagram to be read (62)? 

3.8 Explain the function of a hydro-pneumatic 
front axle suspension. Which elements gener- 
ate the spring effect and the damping (61)? 

3.9 Name critical operations regarding the 
bending and torsion moments of a tractor 
chassis. What about the role of front imple- 
ments and front loaders (57, 58, 256)? 

3.10 Which is a recommended position for 
the service brakes of tractor axles with differ- 
rential gear unit (including bevel gearing) and 
additional planetary final drive (60, 66)? 

3.11 Describe one solution to realize a pull- 
in-turn function for 4WD standard tractors 
with Ackermann steering (70, 140). 

3.12 Power steering energy supply: Describe 
alternatives for saving energy by replacing the 
simple circuit of a constant displacement 
pump and a constant flow valve (74). 


4.1 How does a diesel engine work (81)? 

4.2 Which equation indicates efficiency bene- 
fits of a diesel engine due to a high compres- 
sion ratio (81)? 

4.3 What is the generally used definition of 
the “torque rise” (torque back-up) of a diesel 
engine (formula and diagram) (84)? 

What are the pros and cons of high values 
including the role of initial costs (97)? 

4.4 Develop a diagram which contains the 
complete fuel consumption map g/kWh for a 
typical diesel engine (94). 

4.5 Explain the benefits of a turbocharger 
with variable turbine geometry (85). 

4.6 Explain the function of a common rail in- 
jection system of a diesel engine; use hydrau- 
lic symbols of ISO 1219-1 (91). 

4.7 What is the secret of high needle accel- 
erations of diesel engine injection valves (91)? 

4.8 Explain the design principle to compen- 
sate for vibrations of the second order of 4- 
cylinder diesel engines (92). 

4.9 Explain the structure of SCR exhaust gas 
aftertreatment of a diesel engine (93). 
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4.10 Recommend the fuel tank capacity for a 
medium-duty 100 kW standard tractor (95). 
4.11 Develop a complete energy flow diagram 
for a heavy working tractor including a rea- 
listic utilization factor of the engine working 
with a manual transmission (100). 


5.1 What is the main function of a tractor 
ground drive transmission and what is its sub- 
function (104)? 

5.2 Explain the configuration of a complete 
tractor transaxle with front-wheel drive output, 
PTO powertrain, auxiliary drives, rear axle, 
and brakes for a modern tractor (104). 

5.3 How can a ground drive CVT be con- 
trolled to make use of the best possible engine 
efficiency (engine diagram) (104)? 

5.4 Explain the basic principle of saving gear 
wheels for stepped vehicle transmissions (110). 

5.5 Explain a smart method to plot circumfer- 
ential axle forces versus tractor speed (109). 

5.6 Explain the pros and cons of a multiple 
plate PTO clutch in the rear tractor part (112). 
5.7 Which PTO types are standardized in ISO? 
Describe the power limits of type 1 (114). 

5.8 Explain the influence of bending moments 
on the life of the tractor PTO shaft (115). 

5.9 What is the principle and what are the be- 
nefits of an “ECO” PTO (diagram) (104, 117)? 

5.10 Draw a manual low-cost ground drive 
transmission which generates 8 forward speeds 
with only 5 pairs of gear wheels (111, 119). 

5.11 How does a “dual clutch” power shift 
work (simplified sketch) (124)? 

5.12 What are the four physical principles of 
CVT design (with torque generation) (127)? 

5.13. Which maximum full-load efficiency 
can be achieved with a hydrostatic direct CVT 
gearbox using axial piston units (130)? 

5.14 What are the five duties of a charge 
pump system for a hydrostatic CVT (130)? 

5.15 Explain the three basic configurations of 
an external power split CVT (135). 

5.16 How does an “internal” power split CVT 
work (135)? 

5.17 Draw the Renius full load efficiency tar- 
get of a tractor CVT transaxle >100kW (138). 
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5.18 Which type of axial piston unit has been 
proven to offer the best CVT efficiencies (139)? 
5.19 Why should a synchronizing shift ele- 
ment be placed near the dominating mass 
inertia of the transmission (148)? 

5.20 Explain Palmgren’s cumulative damage 
equation for non-constant loads (153, 262). 
5.21 Which level of friction coefficients can 
be achieved by a journal bearing (155)? What 
is the main benefit of plotting them versus the 
term “viscosity x speed/ load” (155)? 

5.22 What type of oil circuit improves the life 
of rolling bearings (154)? 

5.23 Explain the optimization of the specifi- 
cations of a pair of gear wheels for a given 
load spectrum (157, 265). 

5.24 What are the two main benefits of shot 
peening for case-hardened gear wheels (158)? 
5.25 Why are gear wheels for vehicle trans- 
missions cut from forged green bodies (160)? 
5.26 Draw a planetary gearing (symbols) for 
summarizing a variable CVT output speed and 
a constant engine speed. Derive the planetary 
output speed using the Kutzbach method (163). 
5.27 Explain the cumulative damage calcula- 
tion of the Miner-Haibach approach (169). 
5.28 Which are the two most important load 
spectra for tractor transmissions (171/172)? 
5.29 What is a promising method of gener- 
ating a transmission efficiency map (173)? 


6.1 What are the four groups of operator work- 
loads and what are the main three criteria 
when evaluating technical aids (180, 181)? 

6.2 Explain the closed loop of operating a 
tractor and the role of its automation (181). 

6.3 Which seat adjustments (longitudinally 
and vertically) can be recommended (184)? 
6.4 Plot a simplified (two-dimensional) dyna- 
mic tractor model with soft suspensions of 
front axle, cab, operator, and implement (186). 
6.5 Explain the physical conflict between na- 
tural tractor frequencies and natural driver- 
seat frequencies in the cab (187). 

6.6 Draw a graph of tire stiffness versus infla- 
tion pressure indicating carcass stiffness (188). 
6.7 Explain the closed loop control of active 
pitch damping of mounted implements (189). 
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6.8 How can an active position control of the 
operator on the tractor be realized and what 
are its two main problems (186, 191)? 

6.9 What are the basic design principles to 
reduce tractor noise emissions (192)? 

6.10 Which simple design principle is very 
promising for reducing noise emissions of the 
engine and gearbox housings (193)? 

6.11 Which are the main design rules to 
achieve a low noise level inside a cab at the 
operator’s ear — at least 8 items (194)? 

6.12 Explain the physical function of an air 
conditioning system (196). 

6.13 Draw a graph explaining the absorbed 
energy of a solid (full section) steel profile 
under bending, including high plastic deflect- 
tion. Plot the stress distribution of the cross 
section for the elastic phase and for the final 
phase of very high plastic deformation (199). 
6.14 What is the principle and loading se- 
quence of testing rollover protection structures 
meeting OECD Code 4 (200)? 

6.15 In which basic areas are electronics ap- 
plied to tractors (208). 

6.16 Explain the basic idea and structure of 
the tractor ISOBUS (ISO 11783) (208, 210). 
6.17 Explain the structure of the V-model for 
developing mechatronics (210). 


7.1 What are the basic practical demands on a 
tractor-implement combination (table) (217)? 
7.2 Explain the function of a closed-loop con- 
trol circuit (217). 

7.3 Safety of mechatronic systems: What are 
the three basic criteria for classifying the risks 
of injury or death and for deriving conse- 
quences for designing for safety (220)? 

7.4 Tractor-implement interface: List the four 
groups of power transfer with examples (221). 
7.5 Electric power supply to implements: 
Which four electric voltage/power levels are 
in discussion or even used (221)? 

7.6 Describe the two basic configurations of 
universal drive shafts which generate no 
additional torque vibrations (224). 

7.7 Explain the structure of a wide-angle con- 
stant velocity universal joint (drawing) by its 
kinematic structure (225). 
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7.8 A lubricated telescoping PTO drive shaft 
linking tractor and implement is under a 
torque load of 1,000 Nm. The effective radius 
of the torque transfer of the telescoping 
system is 25mm. Calculate the thrust force for 
an estimated coefficient of friction (225). 

7.9 What are the four benefits of the Ferguson 
system as advertised in its first phase (226)? 
7.10 Explain the force system at a rear-moun- 
ted plow with draft control using the plow 
force vectors. What are the benefits (228)? 
7.11 How does a “mixed control” system for 
mounted implements work and what are its 
main benefits including dynamics (229)? 

7.12 A tractor of a low technology level needs 
a low-cost lower-link sensing for its three- 
point hitch control. Which mechanically work- 
ing transducer can be recommended (229)? 
7.13 Note six benefits of an electro-hydraulic 
three-point hitch control system. How can the 
position control be realized (233)? 

7.14 What can be recommended when design- 
ing a stable hitch control (4 items) (234)? 

7.15 Explain the function of an electric posi- 
tion sensor for a tractor remote valve (234). 
7.16 Draw a 4/3 directional proportional valve 
with electro-hydraulic actuation using the 
standardized symbols of ISO 1219-1 (237). 
7.17 How can a hydraulic motor be driven at 
a constant pressure system without throttling? 
Explain the control function using a mathema- 
tic model of the torque equilibrium (240). 

7.18 Which are the two important disturbing 
factors of open-center circuits being compen- 
sated for in closed center systems, in particular 
in load-sensing systems (241)? 

7.19 Draw the circuit of a common load- 
sensing system with one variable displacement 
pump, one consumer, one directional valve, 
and piping. Use ISO 1219-1 symbols. Explain 
the benefits of its energy efficiency as com- 
pared with that of other circuit types (238). 
7.20 Explain the principle of load-sensing 
systems using a mathematic model of the flow 
dynamics of the directional valve (241). 

7.21 A load-sensing system of a tractor must 
supply more than one consumer. Which con- 
trol principle is applied to run the consumers 
without their influencing one another (241, 243)? 
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7.22 Explain the “power beyond” hydraulic 
supply of implements. Main benefit (243)? 

7.23 Explain the method of dimensioning 
safe, fuel-saving hydraulic steel pipes (249). 

7.24 What oil contamination can be read from 
an ISO 4406 code 19/17/13 (252)? 

7.25 What are the pros and cons of the two 
hydraulic circuits — combined or not combined 
with the transmission oil system (254)? 

7.26 A tractor shall be able to carry a front 
loader. Which are the typical reinforcements? 
Propose a simple “added frame” design (258). 


8.1 What are at least four typical advantages 
of lab tests versus field tests (261)? 

8.2 Explain the Miner-Haibach calculation of 
cumulative damage analysis (263). 

8.3 Which counting method is ideal for achie- 
ving load spectra for the dimensioning of gear 
wheels and rolling bearings (264)? 

8.4 What are typical dimensioning applica- 
tions of rainflow load spectra (264)? 

8.5 How can high acceleration factors in lab 
tests of tractor components be achieved (266)? 

8.6 Describe a modern transaxle lab test with 
low energy consumption (267). 

8.7 Describe the test bench of a dynamic closed 
loop test of a three-point hitch lift rod (268). 

8.8 Explain the application of strain gauges 
for a full bridge at a bending beam (269). 

8.9 Which minimum nominal strain (%) is 
recommended for steels at the position of fixed 
strain gauges to achieve a good non-disturbed 
voltage signal of the bridge output (269)? 

8.10 How does a modern Hardware in the 
Loop test work, what are its benefits (270)? 

8.11 Explain the configuration of a bump test 
track circuit. How is it calibrated (271)? 

8.12 What was the initial motivation for de- 
fining and introducing published tractor tests 
and which was the first important test? 

8.13 Which are today the worldwide most 
applied test codes (272)? 

8.14 Which OECD codes address health and 
safety subjects of the operator (272)? 

8.15 What is the background and principle of 
the special German DLG-PowerMix tractor 
test (272)? 
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